

















Nonperturbative theory of spin-split
Landau levels based on matrix mechanics
Yuki Izaki
Abstract
In principle, the energy levels under a magnetic field can be precisely calculated based
on the kɾp theory, as was shown by Luttinger and Kohn. In practice, however, it is too
complex to calculate the energy levels of electrons in solids because of the noncommuta-
tivity of the kinematical momentum operator ! which does not allow us to use the simple
diagonalization technique. Even today, the energy levels under the field for multiband
systems can be obtained perturbatively using the Lowdin partitioning. The theory using
the Lowdin partitioning can give a good agreement with the experiment on Bi. However,
for PbTe, there is a considerable discripancy between the theory and experiment. In this
study, we introduce a new nonperturbative technique (!-matrix method) to calculate
exactly the energy levels under the magnetic field, considering the noncommutativity of
!. By using this technique, we can rigorously calculate the energy of electrons in solids
under the magnetic field. We apply this method to PbTe, a typical Dirac electron system,
and obtained the spin-splitting parameter that agree with the experiment. This result
can rectify the existing discrepancy between the experimental and theoretical results.
We also apply this method to Cd3As2, a typical Dirac semimetal. We show that the en-
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ରͯ͠ɼk · pཧ࿦Λ༻͍Δ͜ͱͰྔࢠ࿦ͷ࿮૊ΈͰ࣓৔தޮՌΛີݫʹಋೖͰ͖Δ [6]ɽ
k · p ཧ࿦Ͱ͸ɼh̄k Λྗֶతӡಈྔ ! ʹஔ͖͑׵Δ͚ͩͰ࣓৔தޮՌΛີݫʹಋೖͰ͖
Δɽ͔͠͠ɼ͜ͷ ! ͕ඇՄ׵ͳԋࢠࢉͰ͋ΔͨΊɼ༗ޮ໛ܕΛ͏࢖౳ɼ෺࣭͝ͱʹݸผͳ
ରॲΛඞཁͱ͍ͯͨ͠ɽྫ͑͹ɼσΟϥοΫిܥࢠ෺࣭Ͱ͸σΟϥοΫ໛ܕ౳ͷ 2όϯυ
໛ܕʢ4! ʣɼϫΠϧ൒ۚଐ෺࣭Ͱ͸ྻߦ4 2ϊʔυ໛ܕ (2! ͷಛ܈౳ɼͦͷ෺࣭(ྻߦ2












































































Ͱ͋Δͱ͑ߟɼֶྗྻߦͷख๏ʹश͍ ! Λަ܎ؔ׵Λຬͨ͢ྻߦͰදͨ͠ݱ (!-matrix








MZC Ͱओʹ༻͍ΒΕΔݧ৔ʹରͯ͠ґଘ͢Δͷʹର͠ɼ࣮࣓͕ fan-diagram plotͷ x੾



























ຊത࢜࿦จ͸ɼશ 8 ষͰߏ੒͞Ε͍ͯΔɽୈ 2 ষͰ͸ࣗ༝ిࢠʹ͓͚Δ࣓৔தΤωϧ
Ϊʔͷํࢉܭ๏΍ k · p ཧ࿦౳ɼຊڀݚʹ͓͍ͯॏཁͳૅجతͳ஌ࣝʹ͍ͭͯઆ໌͢Δɽ
ୈ 3ষͰ͸ɼτϙϩδΧϧ෺࣭ͷ෼ྨͷݤͱͳΔϕϦʔҐ૬ͱɼεϐϯ෼྾ม਺ͷؔ܎ʹ
͍ͭͯड़΂ɼຊڀݚͷண໨෺࣭Ͱ͋Δ Cd3As2 ؚ͕·ΕΔτϙϩδΧϧ൒ۚଐ෺࣭ͷ֓ཁ
















p " ! = p+ eA (2.1.1)
͜͜ͰݱΕͨ ! ͸ྗֶతӡಈྔͱݺ͹ΕΔɽp͸ਖ਼४ӡಈྔͰ͋Γɼ
[pi, pj ] = 0 (2.1.2)
ͷؔ܎Λ΋ͪɼA͸ϕΫτϧϙςϯγϟϧͰ࣓৔B ͱɼ
B = !!A (2.1.3)
ͷؔ܎Λ΋ͭɽྗֶతӡಈྔͷަ܎ؔ׵Λ͑ߟΔɽ
[!i,!j ] = [pi + eAi, pj + eAj ]
= [pi, pj ] + e
2 [Ai, Aj ] + e (Aipj + piAj #Ajpi # pjAi)
ୈ 3߲ͷΈ͕༗࢒ʹݶΔɽp = ih̄!ͱ೚ҙͷؔ਺ " Λ༻͍ͯɼ
piAj" = #ih̄! (Aj") = (pjAi #Aipj)"
ͷ͕ؔ܎ಘΒΕΔ͜ͱ͔Βɼྗֶతӡಈྔͷަ܎ؔ׵͸࣍ͷΑ͏ʹٻ·Δɽ
[!i,!j ] = e [Aipj + (piAj #Ajpi)#Ajpi # (pjAi #Aipj)]







= #ih̄e$ijkBk = ! ! ! (2.1.4)








͔͜͜Β͸ɼେ͖͞ B ͷ࣓৔͕ z Δɽϥϯμ΢ήʔδ͑ߟΔ৔߹Λ͍͔͔ͯͬʹ޲ํ









ϋϛϧτχΞϯ H ͸ y ʹґଘ͠ͳ͍͜ͱ͔Βɼ೾ಈؔ਺ " ͕ y ͸୯७ͳฏ໘೾޲ํ࣠




















͜͜Ͱɼ%c $ eB/mɼX $ h̄ky/(eB)Ͱ͋Δɽࣜ (2.1.7)͸ௐ࿨ৼಈࢠͷϋϛϧτχΞϯ
ͱಉ༷ͷܗͰ͋ΔɽΑͬͯɼ೾ಈؔ਺ "n,ky ͸ɼ
















































τϩϯΤωϧΪʔͱΑ͹Εɼࣗ༝ిࢠͷ৔߹ h̄%c Ͱ͋Δɽࣜ (2.1.10)Ͱද͞ΕΔϥϯμ
΢४Ґ͸ X ͷ஋ʹґΒͳ͍ɽͦͷͨΊɼX ͕औΓ͏Δ਺͚ͩϥϯμ΢४Ґͷॖୀ͕ڐ
͞ΕΔɽ͜ͷϥϯμ΢४Ґͷॖୀͷ਺ʢॖॏ౓ʣΛ͑ߟΔɽX ͸৚݅ 0 & X < Lx ΑΓ
0 & ky < (eB/h̄)Lx Λຬͨ͢ඞཁ͕͋Δɽ·ͨɼy޲ํ࣠͸୯ʹฏ໘೾Ͱ͋Δ͜ͱ͔Βɼ


























͜͜·Ͱ͸ E = h̄2k2/ (2m)Ͱද͞ΕΔ෼ࢄΛͭ࣋৔߹ʹ͍ͭͯٞ࿦͖ͯͨ͠ɽ୯७ۚଐ
΍ଟ͘ͷཱํথܥ൒ಋମʹ͓͍ͯɼͦͷΤωϧΪʔ෼͕ࢄ఻ಋଳͷ༗ޮ࣭ྔm" ͱ఻ಋଳ
ͷఈͷΤωϧΪʔ஋ Ec Λ༻͍ͯɼ




































10 ୈ 2ষ ঢ়ଶࢠ৔தͷి࣓
͜ͷͱ͖ɼཻࢠ਺ N ͸ɼ





h̄%c = EF ͱͳΔ·Ͱɼ( ͸ҰఆͰ͋Δɽ
ͦͷؒ͸ɼࣜ (2.1.11)ΑΓॖॏ౓ ' ൺྫ͢Δ͜ͱ͔Βʹ࣍৔ͷҰ࣓͕ N ͸࣓৔ʹରͯ͠






































) (Ek # EF ) (2.2.5)
Ͱఆٛ͞Εɼϥϯμ΢४Ґ En Λશͯ଍͢ͱάϦʔϯؔ਺Λ༻͍ͯ࣍ͷΑ͏ʹॻ͚Δɽ








En # EF + i)
"
dkz















ਤ 2.2.1 ɽ1/Bࢠৼಈͷ༷ࢠΔঢ়ଶີ౓ͷྔ͚͓ʹࢠ༝ిࣗ ʹൺྫͨ͠पظͰৼಈ͠
͍ͯΔ͜ͱ͕෼͔Δɽ
*͸ఆ਺Ͱ͋Γɼࣗ༝ిࢠ౳์෺ઢόϯυͰ͸ 1/2ɼҰൠతʹ͸ 1/2͔Β΍΍ͣΕΔ [1,27]ɽ
पճੵ෼͸ɼ࣓৔ʹରͯ͠ਨ௚ͳ໘ͱ౳ΤωϧΪʔ໘ͱͷަࠩʹΑΓͭ͘ΒΕΔۂઢʹ





(h̄k # eA) · dq
=
*
#e ("!B +A) · d" (2.3.2)
ͱॻ͚Δɽ͜͜Ͱɼ
h̄k̇ = #ev !B









"!B · d" = #B ·
*
"! d" = #2!+2B
= #2!
͜͜Ͱ ! ͸ిي͕ࢠಓ಺ͷ࣓ଋͰ͋Δɽࣜ (2.3.2) ӈลୈೋ߲໨͸ετʔΫεͷఆཧ
͔Βɼ
*










p · dq = e! (2.3.3)
ࣜ (2.3.1)ͱࣜ (2.3.3)͔Βɼ࣍ͷ͕ؔࣜ܎੒ཱ͢Δɽ




໘ੵۭ࣮ؒʹޙ࠷ , ͱ೾਺ۭؒͷ໘ੵ S ͷؔ܎Λ͑ߟΔɽh̄k̇ = #eṙ !B ޲৔ํ࣓ʹ
ͷ୯ҐϕΫτϧ k̂z Λ͔͚Δɽ









+ (t)# + (0) = # h̄
eB
k̂z ! [k (t)# k (0)] (2.3.6)
͜ͷ݁Ռ͔Βɼ࣮ۭؒ "͔Β೾਺ۭؒ k ΁ͷม׵ʹ͸ h̄/eB Λ͔͚ͯ !/2ճస͢Ε͹ྑ
͍ɽΑͬͯɼ࣮ۭؒ໘ੵ , ͱ೾਺ۭؒͷ໘ੵ S ͸ɼ









" S = 2!eB
h̄2
(n+ *) (2.3.8)
2.4 k · pཧ࿦
k · pཧ࿦͸όϯυ୺ʹ͓͚Δ༗ޮ࣭ྔm" Λݟग़ͨ͢Ίʹಛʹ༗ޮͰ͋ΔɽͦͷͨΊɼ
k · pઁಈ࿦͸༗ޮ࣭ྔΛٻΊΒΕΔ͚ͩͷཧ࿦ͱ͑ߟΒΕ͕ͪͰ͋Δɽ͔࣮͠͠ࡍʹ͸ɼ
ѻ͑Δ༏Εͨཧ࿦ʹ֦ுͰ͖Δɽkʹີݫ৔΍ෆ७෺ͷޮՌΛ࣓ · pཧ࿦͕࣓৔த΍ෆ७
෺ޮՌΛີݫʹѻ͑Δ͜ͱΛͨࣔ͠ J.M.LuttingerͱW.Kohnͷ࿦จ [6]Λத৺ʹ k · p
ཧ࿦ʹ͍ͭͯઆ໌͢Δɽ
2.4.1 k · pઁಈ࿦
ॳʹඪ४తͳ࠷ͣ· k · pཧ࿦Λઆ໌͢Δɽ͜ͷํ๏Ͱ͸ɼ͋Δ೾਺ k0 Λத৺ͱͨ͠ڱ
͍ϒϦϧΞϯκʔϯʹݶఆ͠ɼઁಈ࿦Λ༻͍Δ͜ͱͰ༗ޮ࣭ྔΛ͢ࢉܭΔɽຊ࿦จͰ͸ɼ
2.4 k · pཧ࿦ 13








" = E" (2.4.1)
·ͨɼϒϩοϗͷఆཧΑΓ೾ಈؔ਺ " ͸࣍ͷΑ͏ʹදͤΔɽ
















eik·run,k (r) + V (r) e
ik·run,k (r)












































Ͱ͋ΔɽҎ্ͷૢ࡞Ͱ৽ͨʹग़͖߲ͯͨͰ͋Δ H # = h̄mk · p +
h̄2k2
2m Λઁಈͱͯ͠ѻ͍ɼ
೾ಈํఔࣜΛղ͘ͷ͕ k ·pઁಈ࿦Ͱ͋ΔɽH # Λઁಈͱ͢ΔͨΊ k͕খ͍͞ൣғɼ͢ͳΘ
ͪόϯυ୺ʹ͓͍ͯͷΈ͜ͷཧ࿦͸੒Γཱͭ͜ͱΛ஫ҙ͠ͳͯ͘͸ͳΒͳ͍ɽ͋Δ n ൪
໨ͷόϯυʹ஫໨͢Δɽ͜ͷͱ͖ɼΤωϧΪʔ͸ೋઁ࣍ಈͷൣғͰɼ࣍ͷΑ͏ʹදͤΔɽ








|(n0 |k · p| j0)|2




















$n (0)# $j (0)
(2.4.8)
14 ୈ 2ষ ঢ়ଶࢠ৔தͷి࣓
2.4.2 Luttinger-Kohnͷཧ࿦





Δ [6]ɽ͜ͷཧ࿦ʹΑΓɼk · pཧ࿦͸ઁಈ࿦Λ࢖Θͳ͍ີݫͳཧ࿦ͱͳͬͨɽҎԼͦͷཧ
࿦ͷৄ͍͠಺༰Λղઆ͢Δɽ
पظϙςϯγϟϧதʹ͓͚ΔిࢠͷϋϛϧτχΞϯΛH0 ͱ͢ΔɽU Λෆ७෺ʹΑΔ௥
Ճͷϙςϯγϟϧͱ͢ΔɽH0 ͷݻ༗ؔ਺Λ "nk ͱ͠ɼݻ༗஋Λ $n (k)ͱ͢Δɽ͜͜Ͱɼ
n͸όϯυࢦඪɼk͸ୈҰϒϦϧΞϯκʔϯͷ೾਺Ͱ͋ΔɽγϡϨσΟϯΨʔํఔࣜ͸࣍
ͷΑ͏ʹͳΔɽ
H0"nk = $n (k)"n,k (2.4.9)
ෆ७෺Λࡍͨ͑ߟͷ೾ಈؔ਺ " Λ͚ͭݟΔͨΊɼ࣍ͷ೾ಈํఔࣜΛղ͘ඞཁ͕͋Δɽ










͜͜Ͱɼun0 ͸όϯυͷఈʹ͓͚Δϒϩοϗͷपؔظ਺Ͱ͋Δɽ͜ͷ৽͍ؔ͠਺ -͸ "nk
Ͱ͋Δɽϒϩοϗؔ਺Ͱల։Մೳͳ೚ҙͷؔ਺ܥߦશ௚׬Ͱ͋Ε͹ɼඞͣܥߦશ௚׬͕
͕ɼLuttinger-Kohnͷཧ࿦Ͱಋೖ͞Εͨ৽ͨͳؔ਺ -nk ʹΑΓల։ՄೳͰ͋Δ͜ͱΛҎ














































gn! (k) bn!n (k) (2.4.17)

























































m ) (k" k! "Km) (2.4.21)
16 ୈ 2ষ ঢ়ଶࢠ৔தͷి࣓
k, k! ͸ୈҰϒϦϧΞϯκʔϯʹଘ͢ࡏΔɽΑͬͯɼk" k! "Km = 0 ͕੒ཱ͢Δͷ
͸Km ͕ୈҰϒϦϧΞϯκʔϯʹଘ͢ࡏΔ৔߹ʢm=0ʣͷΈͰ͋Δɽ͜ͷ͜ͱ͔Βɼࣜ
(2.4.21)͸࣍ͷΑ͏ʹॻ͖͑׵ΒΕΔɼ
(-nk,-n!k!) = (2!)3 Bnn
!
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!!k)·ru"n0un!0dr = ) (k # k#) )nn!













































nn! (k) = m#$ (k) /#k! Ͱ͋ΓɼҎԼͷ
Α͏ͳੑ࣭Λͭ࣋ɽ








18 ୈ 2ষ ঢ়ଶࢠ৔தͷి࣓



















m U (k # k# +Km) (2.4.39)
ͱͳΔɽ͜͜Ͱ U (k)͸ U ͷϑʔϦΤม׵Ͱ͋Γɼ࣍ͷΑ͏ʹఆٛͨ͠ɽ





΍͔ʹมԽ͢ΔͱԾఆΛ͢Δ͜ͱͰ͋ΔɽU ͕Ժ΍͔Ͱ͋Δͱ͢Δͱ͖ɼk ͱ k# ͸Km
ʹൺ΂ͯඇৗʹখ͘͞ͳΔɽͦͷͨΊm = 0ͷ৔߹ͱൺ΂ͯm *= 0ͷ৔߹͸࣍ߴͷϑʔ
ϦΤ੒෼͕͋Γɼࣜ (2.4.39)͸݁Ռͱͯ͠খ͘͞ͳΔɽΑͬͯɼm = 0ͷ৔߹ͷΈΛ͑ߟ
Ε͹ྑ͍ɽࣜ (2.4.39)͸࣍ͷΑ͏ʹॻ͖͑׵Δ͜ͱ͕ՄೳͰ͋Δɽ
(nk|U |n#k) = (2!)3 Bnn
!
0 U (k # k#)
= )nn!U (k # k#) (2.4.41)














dk#U (k # k#)An (k#) = $An (k) (2.4.42)
Luttinger-Kohn ཧ࿦ͷ࠷େͷಛ௃ͷҰ͕ͭɼ࣓৔தޮՌΛ༰қʹಋೖͰ͖Δ఺ʹ͋
Δɽ࣓৔தޮՌΛಋೖ͢Δʹ͸ɼࣜ (2.1.1) ͱಉ༷ʹɼh̄k " ! ͷม׵Λ͏ߦඞཁ͕͋
Δɽࣜ (2.4.11)ͷΑ͏ʹϒϩοϗؔ਺Λ༻͍ͯ೾ಈؔ਺Λల։ͨ͠৔߹ɼपؔظ਺෦෼ʹ
΋೾਺ k ΛؚΉɽ͜ͷपؔظ਺෦෼ͷ೾਺ k Λ ! ʹม͢׵Δͷ͸ཧ࿦తʹࠔ೉͕൐͏ɽ
ҰํͰࣜ (2.4.12) ͷΑ͏ʹల։Λ͜͏ߦͱͰपؔظ਺෦෼ʹ೾਺ k ؚ͕·Εͳ͍ͷͰɼ
h̄k " ! ͷม͕׵༰қʹͳΔɽ·ͨɼݩʑͷपؔظ਺ͱόϯυఈͷपؔظ਺ͷ͔ؔ܎Β
ࣜ] (2.4.14)]ɼLuttinger-Kohnͷཧ࿦͸جఈΛແݶʹऔΕ͹ີݫͰ͋Δ͜ͱ͕෼͔ΔɽҎ
্ͷΑ͏ʹ Luttinger-Kohnͷཧ࿦ʹΑΓɼk ·pཧ࿦͸࣓৔தޮՌΛີݫʹಋೖͰ͖Δ༏














































































+# · p-+ V (r)&# Ê#& = 0
# · p&# 2m-+ V (r)-# Ê#- = 0
+
+
Ê# # V (r)
,
&# # · p- = 0 (2.5.4)
+
Ê# + 2m# V (r)
,
-# # · p& = 0 (2.5.5)
͜͜Ͱɼ
Ê = Ê# +m (2.5.6)
ͱͨ͠ɽࣜ (2.5.5)ΑΓɼm , V (r)͔ͭ Ê# - mͷͱ͖࣍ͷΑ͏ͳ͕ؔࣜ܎੒Γཱͭɽ
2m- = # · p&
+- = # · p
2m
& (2.5.7)
p/m = v Ͱ͋ΔͷͰɼ





Ê# + 2m# V (r)
,!1
# · p& (2.5.9)
20 ୈ 2ষ ঢ়ଶࢠ৔தͷి࣓
Ͱ͋Γɼ͜ΕΛࣜ (2.5.6)ʹ୅ೖ͢Δͱ࣍ͷΑ͏ʹͳΔɽ
+
Ê# # V (r)
,
&# # · p
+
Ê# + 2m# V (r)
,!1
# · p&





Ê# # V (r)
2m
4!1
(# · p)&+ V (r)& (2.5.10)
͜ΕΛ
+









# # V (r)
2m
(2.5.11)
pV (r) = V (r)p# ieh̄'& (2.5.12)













































['V (r)! p"1] (2.5.14)
؆୯ͷͨΊɼÊ# # V (r)ٴͼ p2/2mͷظ଴஋͸ mͷظ଴஋ʹରͯ̍࣍͠ͷΦʔμʔͷ
ඍগྔͰ͋Δͱ͑ߟΔɽͦͷ৚݅Լʹ͓͍ͯ͸
+


























































































ޮՌʹΑΓ෼྾ͨ͠४ҐΛͦΕͧΕ En,+, En,! ͱஔ͘ͱɼθʔϚϯ෼྾͸࣍ͷΑ͏ʹॻ












Ez = En,+ # En,! = gµBB (2.5.21)
͜͜Ͱɼg ͸ gҼࢠɼµB ͸ϘʔΞࢠ࣓ͰɼµB = eh̄/2mͰ͋Δɽ·ͨɼαΠΫϩτϩϯ
ΤωϧΪʔ͸࿈ଓ͢Δೋͭͷϥϯμ΢४ҐͷΤωϧΪʔࠩΛऔΕ͹ྑ͍ͷͰɼ





















































H (R) |&n (R)) = En (R) |&n (R)) (3.1.1)
͜͜Ͱɼ|&n (R)) ͸ঢ়ଶ n ͷݻ༗ঢ়ଶͰ͋Γ En ͸ݻ༗஋Ͱ͋Δɽࠓճ͸ En ʹॖୀ͸
ͳ͍ͱ͢Δɽύϥϝʔλ R͕ൃؒ࣌ల͢Δ৔߹ɼؒ࣌ʹґଘͨ͠γϡϨσΟϯΨʔํఔ
͸ɼࣜ
H [R (t)] |&n [R (t)]) = ih̄
#
#t
|&n [R (t)]) = En (R) |&n [R (t)]) (3.1.2)
ͱॻ͚Δɽύϥϝʔλ Rͷؒ࣌มԽ͕े෼Ώͬ͘ΓͰ͋Δͱɼݻ༗ঢ়ଶ͸ nͷ··อͨ
ΕΔͷͰɼ࣍ͷΑ͏ͳؔ܎Λͭ࣋ɽ
|&n [R (t)]) = ei#(t) |&n [R (t)]) (3.1.3)










= En [R (t)] e
i#(t) |&n [R (t)]) (3.1.4)
ࣜ (3.1.4)ͷ͔ࠨΒ (&n [R (t)]|Λ͔͚Δͱɼ
#0 (t)
#t
= i (&n [R (t)]|
#
#t

















|&n [R (t#)]) dt# (3.1.5)
ͱॻ͚ΔɽΑͬͯɼ|&n [R (t)])͸࣍ͷΑ͏ʹॻ͚Δɽ
|&n [R (t)]) = ei!B [R(t)]e!i
# t
0 dt
!En[R(t!)]/h̄ |&n [R (t)]) (3.1.6)
!B [R (t)] = i
) t
0
dt# (&n [R (t#)]|
#
#t#
|&n [R (t#)]) (3.1.7)
͜͜Ͱࣜ (3.1.6)ͷୈೋҼࢠʹ͍ͭͯ͸ؒ࣌ʹґଘͨ͠γϡϨσΟϯΨʔํఔࣜͰࣗવͱ
ग़ͯ͘Δ߲Ͱ͋ΔɽҰํͰɼࣜ (3.1.6)ͷୈҰҼࢠʹ͍ͭͯ͸ύϥϝʔλR͕அ೤తʹม
Խͨ͜͠ͱͰݱΕ߲ͨͰ͋Γɼ͜ͷ !B ͕ϕϦʔҐ૬Ͱ͋Δɽྫ͑͹ɼύϥϝʔλ R͕
ΑΓมԽ͠ͳ͍৔߹ɼʹؒ࣌





|&n [R (t)]) = En [R (t)] ei#(t) |&n [R (t = 0)])
Αͬͯɼઌ΄Ͳͱಉ༷ͷखॱͰࣜ (3.1.6)͸ɼ
|&n [R (t)]) = e!i
# t
0 dt
!En[R(t!)]/h̄ |&n [R (t)]) (3.1.8)
ͱͳΓɼ!B = 0ͱ͢Δͱࣜ (3.1.6)ͱҰக͢Δɽ͜ͷ͜ͱ͔ΒύϥϝʔλRͷؒ࣌มԽ
ʹΑΓϕϦʔҐ૬ !B ͭʹ༝౓ࣗΕͨ͜ͱ͕෼͔Δɽ͔͜͜Β͸ϕϦʔҐ૬ͷήʔδݱ͕
ΔɽҐ૬Λ͑ߟ͍ͯ 0n (t)ͱͯ͠ɼݻ༗ؔ਺ |&n (R))ʹ͍ͭͯɼ࣍ͷΑ͏ͳήʔδม׵
Λ͑ߟΔɽ
|&#n (R)) = ei#n(t) |&n (R)) (3.1.9)
ϕϦʔҐ૬ !B ଌྔͰ͋Ε͹ɼ!B؍͕ ͸ήʔδෆมͰ͋Δɽήʔδมޙ׵ͷݻ༗ؔ਺
|&#n (R))Λ༻͍ͯϕϦʔҐ૬ !#B Λ͢ࢉܭΔͱ࣍ͷΑ͏ʹॻ͚Δɽ
!#B (t) = i
) t
0

















= * (t) + 0n (R (0))# 0n (R (t)) (3.1.10)
ࣜ (3.1.10) ͔ΒɼҰൠతʹήʔδม׵લͷϕϦʔҐ૬ !B ͱήʔδมޙ׵ͷϕϦʔ
Ґ૬ !#B ͸Ұக͠ͳ͍ɽ͜ͷ͜ͱ͔ΒɼҰൠʹ͸ϕϦʔҐ૬͸؍ଌྔͰͳ͍ɽ͔͠͠
R (t) = R (0) ͷ৔߹͸ !B = !#B ͱͳΓϕϦʔҐ૬͸ήʔδෆมͱͳΔɽ͜ͷ৔߹͸ɼ
ಉҰͷ఺ͰͷҐ૬ࠩΛݟΔ͜ͱʹ֘౰͓ͯ͠Γɼt=0͔Β t = T ͷؒͰҰप͢Δܦ࿏Λͱ
Δ͜ͱͱͳΔɽ͜ͷܦ࿏Λ C ͱͯ͠ɼϕϦʔҐ૬ !B [C]͸࣍ͷΑ͏ʹॻ͖ද͞ΕΔɽ
!B (T ) [C] = i
) T
0














dR ·An (R) (3.1.11)
͜͜Ͱɼ






26 ୈ 3ষ τϙϩδΧϧ෺࣭ͷੑ࣭
(3.1.11)ʹετʔΫεͷఆཧΛ༻͍Δͱɼ











dS ·Bn (R) (3.1.13)
ͱͳΔɽ͜͜Ͱɼ













































































































[2] m *= mͷͱ͖





















































Bn,i (R) = i$ijk
(
m $=n



























ʹΑΓಋ͔ΕΔɽ͜ͷ * ͱϕϦʔҐ૬ !B ͸ * = 12 #
!B












28 ୈ 3ষ τϙϩδΧϧ෺࣭ͷੑ࣭
ਤ 3.2.1 PbTeʹ SnΛࠞͥΔ͜ͱʹΑΔεϐϯ෼྾ม਺M ͷมԽ [14]ɽ







































Pb1!xSnxTe ʹ͓͚Δεϐϯ෼྾ม਺ͷใ͕͋ࠂΔɽ໌ࣗͳ෺࣭Ͱ͋Δ PbTe ͔Βඇࣗ
໌ͳ෺࣭Ͱ͋Δ SnTe΁ͷ࿈ଓతมԽΛ͑ߟΔͱɼόϯυΪϟοϓ͕ดͨ͡৔߹ʹεϐϯ
































͜ͷ৔߹͸ࢠ֨ٯϕΫτϧΛ๏ͱͯ͠ k $ #k ͱͳΔΑ͏ͳ TRIM(time-reversal
invariant momenta)ͱΑ͹ΕΔಛผͳ఺ͰͷΈॖୀΛ͢͜ىɽ͜ͷ৔߹ɼ͋Δ఺ k = k0










΋ͭରশੑ͕ҟͳΔඞཁ͕͋Δɽྫ͑͹ɼI4/mcm ͷରশੑΛͭ࣋ਖ਼ํথ͸ c ʹ޲ํ࣠
C2v ͷରশੑΛͭ࣋ɽC2v ͷೋॏ܈ͷط໿දݱ͸ҰͭͷΈͰ͋ΔɽͦͷͨΊɼશͯͷঢ়ଶ
30 ୈ 3ষ τϙϩδΧϧ෺࣭ͷੑ࣭
͕ಉ͡ରশੑΛͭ࣋ɽՁిࢠଳͱ఻ಋଳͷॖୀ͕͞ڐΕͣɼσΟϥοΫ൒ۚଐͱͳΔ͜ͱ











(n+ * ± ))
͜͜Ͱɼ) ͸ิਖ਼߲Ͱ͋Γೋݩ࣍෺࣭ͷ৔߹͸ 0ɼݩ࣍ࡾ෺࣭ͷ৔߹͸ 1/8ͱͳΔ [1,42]ɽ
ϘʔΞ-κϯϚʔϑΣϧτͷྔࢠԽ৚݅ʹΑΓݱΕͨ * ͸ϕϦʔҐ૬ͱ͕ؔ͋܎Γɽલઅ
ͱಉ༷ʹ * = 12 #
!B
2% ͷؔ܎ʹ͋ΔɽσΟϥοΫిܥࢠͷ৔߹ɼϕϦʔҐ૬͸ ! ͱͳΓɼ
ͷ৔߹͸ࢠ༝ిࣗ 0 ͱͳΔɽ࣮ݧͰ͸ɼfan-diagram plot Λ࢖༻͢Δ͜ͱͰϕϦʔҐ૬
ΛܾఆͰ͖Δ [54, 55]ɽτϙϩδΧϧ൒ۚଐ෺࣭ͷ୅දతͳ໛ܕͰ͋Δ Cd3As2 Ͱ͸ɼਤ
3.3.1 ͷΑ͏ʹ fan-diagram plot Λ࢖༻ͯ͠ϕϦʔҐ૬Λܾఆ࣮͕ͨ͠ݧใ͞ࠂΕ͍ͯ
ΔɽϕϦʔҐ૬͕ ! ʹ͍ۙ஋ [੾ย !B/ (2!) =0.56,0.58]Ͱ͋Δ͜ͱ͕ใ͞ࠂΕͨ [56]ɽ
ҰํͰ C.M.WangΒʹΑΓɼඇৗʹ؆қతͳ̎ϊʔυ໛ܕͰϕϦʔҐ૬͕ϑΣϧϛΤω
ϧΪʔͷมԽʹහײʹ൓Ԡ͢Δ͜ͱ͕ࣔ͞Εͨ [22]ɽτϙϩδΧϧ൒ۚଐ෺࣭Ͱ͸ɼϦ
ϑογοπ఺ΛڥʹϕϦʔҐ૬͕ ) ΛؚΊɼ! ͔Β 0΁ͱมΘΔ݁Ռ͕ใ͞ࠂΕ͍ͯΔɽ
͜ͷΑ͏ʹτϙϩδΧϧ෺࣭ʹ͓͚ΔϕϦʔҐ૬͸ඇৗʹෳࡶͰ͋Γɼ஫໨͞Ε͍ͯΔɽ
3.3 τϙϩδΧϧ൒ۚଐ 31












partitioning Λ࢖༻͢Δ͜ͱͰɼଟόϯυޮՌΛؚΜͩҟৗͳ g ҼࢠͷࢉܭΛՄೳͱ͠
ͨ [10]ɽ͜ͷख๏ʹΑΓ Bi ΍ PbTe Ͱҟৗͳ g Ҽࢠͷߦ͕ࢉܭΘΕͨ [10, 14]ɽࠓষͰ






σΟϥοΫిܥࢠͷ୅දతͳ෺࣭͕ BiͰ͋ΔɽCohenͱ BlountʹΑΓ k ·p໛ܕΛ࢖
༻ͨ̎͠όϯυ໛࡞͕ܕ੒͞Εͨ [11]ɽ͜ͷ໛ܕ͸εϐϯيಓ݁߹ͷޮՌΛؚΜͰ͓Γɼ






$ 0 h̄k · t h̄k · u
0 $ #h̄k · u# h̄k · t#
h̄k · t# #h̄k · u #$ 0





t $ v1,3 = v4,2
u $ v1,4 = #v3,2
΢ϧϑ͸͜ͷ໛ܕʹద੾ͳม׵Λ͜͏ߦͱͰɼRe(t) = 0ͱͨ͠ [12]ɽϋϛϧτχΞϯ͸
Ͱॻ͚ΔɽܗͷΑ͏ͳඇৗʹ؆қతͳ࣍








W (1) = Im (u)
W (2) = Re (u)
W (3) = Im (t)
Ͱ͋Δɽ͜ͷࣜ (4.1.2)Λ΢ϧϑϋϛϧτχΞϯͱݺͿɽ͜ͷϋϛϧτχΞϯͷߏ଄Λཧ
ղ͢ΔͨΊɼ࣍ͷΑ͏ͳ৔߹Λ͑ߟΔɽ
W (1) = (*, 0, 0)
W (2) = (0, *, 0)




$ ih̄*k · #






m p · #
p · # #m
"











34 ୈ 4ষ k · p໛ܕʹ͓͚Δ࣓৔தిࢠঢ়ଶͱεϐϯ෼྾ม਺
ͰදͤΔ͜ͱ͔Β [64, 65]ɼݻ༗஋ E ΛٻΊΔʹ͸࣍ͷํఔࣜΛղ͚͹Α͍ɽ
det
-
!#E ih̄*k · #
#ih̄*k · # #!#E
.
= det [!#E] det
#




































" E = ±
@
$2 + h̄2*2 (k2z + k!k+) (4.1.5)
ਤ 4.1.1ʹͦͷόϯυ෼ࢄΛࣔ͢ɽ͜ͷԁਲ਼ঢ়ͷ෼͕ࢄσΟϥοΫίʔϯͱݺ͹ΕΔɽ࣓




! ih̄*! · #
#ih̄*! · # #!
"
(4.1.6)
͜͜Ͱɼݻ༗஋Λ E ͱͯ͠ݻ༗஋ํఔࣜ H" = E" ͷ྆ลͷೋ৐Λ͑ߟΔͱɼ
H2 =
!
! ih̄*! · #
#ih̄*! · # #!
"!
!E i*! · #




!2 + *2 (! · #) (! · #) 0




(! · #) (! · #) =
!
h̄2k2z + 2!!!+ 0







y + i (! ! !)z





y # i (! ! !)z
= (2n+ 1) eh̄B # eh̄B
4.1 σΟϥοΫిܥࢠ෺࣭ͷ༗ޮ໛ܕ 35
ਤ 4.1.1 2όϯυσΟϥοΫ໛ܕͷΤωϧΪʔ෼ࢄɽ! = 0.1,! = 1ͱͨ͠ɽ
ͳͷͰɼݻ༗஋͸࣍ͷΑ͏ʹͳΔɽ
$2 + (2n+ 1± 1) eh̄B*2 + h̄2k2z*2 # E2 = 0 (4.1.8)
















36 ୈ 4ষ k · p໛ܕʹ͓͚Δ࣓৔தిࢠঢ়ଶͱεϐϯ෼྾ม਺
෼྾͓ΑͼαΠΫϩτϩϯΤωϧΪʔ͸࣍ͷΑ͏ʹॻ͚Δɽ




















































ΑͬͯɼEZ ͱ Ec ͷൺ͔Βఆٛ͞ΕΔMZC ͸ɼ












































4.2 ଟόϯυ k · p໛ܕ 37
4.2 ଟόϯυ k · p໛ܕ
͜͜·Ͱ͸ɼ༗ޮ໛ܕͷࢉܭΛ͖ͨͯͬߦɽ͔͜͜Β͸ΑΓҰൠੑΛߴΊΔͨΊɼଟό
ϯυ k · p໛ܕͷࢉܭʹ͍ͭͯղઆ͢Δɽલड़ͷͱ͓Γ࣓৔தͰ͸ྗֶతӡಈྔ ! ͷଘࡏ
ʹΑΓɼଟόϯυ k · p໛ܕΛղ͘͜ͱ͸ࠔ೉Ͱ͋Δɽ͜ͷ໰୊ʹରͯ͠͸༷ʑͳख๏ʹ





+ V (r) +
h̄
4m2c2
# · !V (r)! p (4.2.1)






















E1 0 h̄k · t1 h̄k · u1 h̄k · t2 h̄k · u2 · · ·
0 E1 #h̄k · u"1 h̄k · t"1 #h̄k · u"2 h̄k · t"2 · · ·
h̄k · t"1 #h̄k · u1 E3 0 h̄k · s1 h̄k · w1 · · ·
h̄k · u"1 h̄k · t1 0 E3 #h̄k · w"1 h̄k · s"1 · · ·
h̄k · t"2 #h̄k · u2 h̄k · s"1 #h̄k · w1 E4 0 · · ·












v%%mn = ("m%|v"n%) = (Cv"m%|C"m%) = ("n&|v"m&) = v&&nm (4.2.4)
v%&mn = ("m%|v"n&) = ("m%|vC"n%) = (CvC"n%|C"m%) = #v%&nm (4.2.5)
C = JKɼC"n% = "n&,(&|") = (C"|C&),C2 = #1 ͱ͍͏ؔࣜ܎Λ༻͍ͨɽJ ͕ۭؒ





0n ͱఆٛ͠ɼE2n = E2n!1 ͱͨ͠ɽࣜ ࣜ,(4.2.4) (4.2.5)ͷؔ܎͸਺஋
Ͱ͋Δɽࣜ܎ΔνΣοΫ౳ʹ΋༗༻ͳ͚͓ؔʹࢉܭ
4.3 Löwdin partitioningʹΑΔղੳతख๏
k · pཧ࿦ͷ࿮૊Έʹ͓͍ͯɼඇՄ׵ͳԋࢠࢉ ! Λ༻͍Δ͜ͱͰ࣓ʹີݫ৔தޮՌΛಋ
ೖͰ͖Δɼ! ͷଘࡏʹΑΓଟόϯυ໛ܕͷαΠζʢྻߦαΠζʣΛखͰղ͚Δൣғ·Ͱখ




Δ͜ͱͰɼࣜ (4.2.3)͸࣍ͷΑ͏ʹॻ͚Δ [10, 71]ɽ




























+ · · ·
=
(! · t1) (! · t"1)
E1 # E3
+
(! · u1) (! · u"1)
E1 # E3





































(tn ! t"n + un ! u"n) (4.3.7)
͜͜Ͱɼ࣍ͷΑ͏ͳؔࣜ܎Λ༻͍ͨɽ






























(t"n ! u"n) ·B (4.3.12)





























# (tn ! t"n + un ! u"n) 2tn ! un





















Ͱ͋ΔɽµB = eh̄/2m͸ϘʔΞࢠ࣓Ͱ͋Δɽ·ͨࣜ (4.3.5)Ҏ߱ɼ࣓৔தޮՌΛಋೖ͢Δ



































































Λ޲৔ํ࣓ iͱ͢Δͱ Ez = ± (g/2)µBB Ͱ͋Γɼ༗ޮ gҼࢠ͸ 2m
%
Gii Ͱ༩͑ΒΕΔɽ




















































1y # t1xt"1yu1xu"1y + t1yt"1xu1yu"1x
' $
= /xx/yy # /2xy (4.3.20)
ͱͳΓɼ̎όϯυ໛ܕͰ͸ MZC ͷ஋͸̍ͱͳΔɽ͜ͷ݁Ռ΋·ͨɼ਺஋ࢉܭͷ֬ೝʹ
༗༻Ͱ͋Δɽ࣮ࡍͷ෺࣭ͰࢉܭΛ͏ߦͱɼBiͷϗʔϧʢtrigonalํ޲ʣͰMZC = 2.08ɼ







͍ڧಓ݁߹ޮՌ͕يΕ͍ͯΔɽ͔͠͠ɼ݁থதͷεϐϯࣔ͞ Bi2Se3 ʹ͓͍ͯ͸ɼMZC ͕
̎ఔ౓ͱେ͖͘ͳΔ͜ͱ͕஌ΒΕ͍ͯΔ [10,15,16]ɽ͜ͷ໰୊ʹରͯ͠ɼݱ৅࿦తͳ̐ʷ









E1 0 h̄k · t1 h̄k · u1 h̄k · t2 h̄k · u2 · · ·
0 E2 #h̄k · u"1 h̄k · t"1 #h̄k · u#2 h̄k · t#2 · · ·
h̄k · t"1 #h̄k · u1 E3 0 h̄k · s1 h̄k · w1 · · ·
h̄k · u"1 h̄k · t1 0 E4 #h̄k · w"1 h̄k · s"1 · · ·
h̄k · t#2 #h̄k · u2 h̄k · s
"
1 #h̄k · w1 E5 0 · · ·
h̄k · u#2 h̄k · t2 h̄k · w
"
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+ · · ·
=
(h̄k · t2) (h̄k · t"2)
E1 # E5
+
(h̄k · u2) (h̄k · u"2)
E1 # E5










































































E1 +H11 0 h̄k · t1 h̄k · u1
0 E1 +H11 #h̄k · u"1 h̄k · t"1
h̄k · t"1 #h̄k · u1 E3 +H33 0






$+Hd 0 h̄k · t1 h̄k · u1
0 $+Hd #h̄k · u"1 h̄k · t"1
h̄k · t"1 #h̄k · u1 # ($+Hd) 0
h̄k · u"1 h̄k · t1 0 # ($+Hd)
;
<<= (4.3.27)
42 ୈ 4ষ k · p໛ܕʹ͓͚Δ࣓৔தిࢠঢ়ଶͱεϐϯ෼྾ม਺
͜͜Ͱɼ
$ = E1 # E3 (4.3.28)
Hd = H11 #H33 (4.3.29)
ͱͨ͠ɽ͜ͷͱ͖ɼRe (t) = 0ͱ͢Δͱɼ࣍ͷΑ͏ͳ୯७ͳܗʹॻ͖௚ͤΔɽʢ΢ϧϑϋ
ϛϧτχΞϯ [12]ʣ








W (1) = Im (u)
W (2) = Re (u)




$+Hd i! · "




i! · " =
-
h̄! · t1 h̄! · u1






($+Hd)2 + (! · ")2 0





$2 + 2$H" 0









ͱશମͷٯ਺ΛऔΔ͜ͱΛ͑ߟΔͱɼ༗ޮ࣭ྔΛٻΊΔʹ౰ͨΓ k3 Ҏ্ͷ߲͸ 0ͱͳΔɽ
Hd ͸ k2 ͷΦʔμʔͰ͋ΔͷͰH2d ͸ແࢹͰ͖ΔɽΑͬͯɼ
($+Hd)2 = $2 + 2$Hd +H2d
/ $2 + 2$Hd (4.3.34)
Ͱ͋Δɽ͜ͷ͜ͱΛ౿·͑Δͱɼ

































! ·$ · !
2
+ (#i)mµBA ·B (4.3.35)


























































/xx/yy # /2xy (4.3.43)
ࣜ (4.3.35)ୈೋ߲ʹ͍ͭͯ͑ߟΔɽ͜ͷࣜͷݻ༗஋͸θʔϚϯΤωϧΪʔ EZ Ͱ͋Δɽ
E2Z = ((#i)mµBA · B)
2
= m2µ2BB · Ĝ · B (4.3.44)


























ͱͨ͠ɽ༗ޮ gҼࢠ͸ ĝ = 2m
%












































































































































































































































/abn,ij = anibnj + anjbni (4.3.58)
Aab = (a! b) (4.3.59)






46 ୈ 4ষ k · p໛ܕʹ͓͚Δ࣓৔தిࢠঢ়ଶͱεϐϯ෼྾ม਺




$+H11 H12 ! · t1 +H13 ! · u1 +H14
H21 $+H22 #! · u#1 +H23 ! · t#1 +H24
! · t#1 +H31 #! · u1 +H32 #$+H33 H34













E1 # E3 +H11 #H33 H12 #H34











! · t1 +H13 ! · u1 +H14
#! · u"1 +H23 ! · t"1 +H14
.
(4.3.66)





! · t1 ! · u1
#! · u"1 ! · t"1
.
(4.3.67)
ͱͨ͠৔߹ʹ͍ͭͯ͑ߟΔɽ$+Hd = $#ɼݻ༗஋Λ E ͱ͢Δͱɼ࣍ͷΑ͏ͳࣜͱͳΔɽ
(H # E)" =
8
99:
$# # E HD ! · t1 ! · u1
#H"D $# # E #! · u"1 ! · t"1
! · t"1 #! · u1 #$# # E #HD
! · u"1 ! · t1 H"D #$# # E
;
<<=" (4.3.68)
ҎԼɼ͜ͷݻ༗஋ํఔࣜΛղ͖ɽݻ༗஋ E ͷ஋ΛٻΊΔɽdet (H # EI) = 0 Λ E ʹͭ
͍ͯղ͚͹ྑ͍ɽ
det (H # E) =
66666666
$# # E HD ! · t1 ! · u1
#H"D $# # E #! · u"1 ! · t"1
! · t"1 #! · u1 #$# # E #HD


















! i*! · #
#i*! · # #!
.
(4.4.1)
! · # ʹ͍ͭͯண໨͢Δɽ
! · # =
-
h̄kz !x # i!y












































48 ୈ 4ষ k · p໛ܕʹ͓͚Δ࣓৔தిࢠঢ়ଶͱεϐϯ෼྾ม਺






















































2eh̄B (b)Gb!1 # c3$Gc
#ic1
%














a = d# 1
b = c+ 1
Λຬͨ͢͜ͱͰɼݻ༗஋Λͭ࣋͜ͱ͕ՄೳͰ͋Δɽ





E1 0 h̄k · t1 h̄k · u1
0 E1 #h̄k · u"1 h̄k · t"1
h̄k · t"1 #h̄k · u1 E2 0








$ 0 ! · t1 ! · u1
0 $ #! · u"1 ! · t"1
! · t"1 #! · u1 #$ 0
! · u"1 ! · t1 0 #$
;
<<= (4.4.9)
Λ޲৔ͷํ࣓ zํ޲ͱఆΊΔͱɼ!z = h̄kz Ͱ͋ΔɽҎԼɼkz = 0ͷ৔߹Λ͑ߟΔɽt1, u1
͸଎౓ԋࢠࢉͰ͋Δɽt1, u1 ΛҰൠతͳ v Ͱද͠ɼࣜ (4.4.9) Λ !+,!! Ͱද͢͜ͱΛߟ
͑Δɽ




















! · v = 1%
2
(!+ + !!) vx #
i%
2




(vx # ivy)!+ +
1%
2
(vx + ivy)!! (4.4.11)
Ͱ͋ΔɽΑͬͯɼv+ = (vx + ivy) /
%
2, v! = (vx # ivy) /
%



















































































Hiso" = E" ͱ͍͏ݻ༗஋ํఔࣜΛ͑ߟΔɽσΟϥοΫͷ৔߹ͱಉ༷ɼݻ༗஋Λͨͭ࣋Ί
ʹ͸ԋ݁ͨ͠ࢉՌͷ೾ಈؔ਺ͷ੒෼ͷࢦඪ͕ԋࢉલͱ౳͘͠ͳΕ͹ྑ͍ɽࣜ (4.4.9)Ͱද
͞ΕΔϋϛϧτχΞϯΛ೾ಈؔ਺ʹԋͨ͠ࢉͱ͖ɼ! · vGa ͱ͍͏߲͕ඞͣଘ͢ࡏΔɽ͜
Εͱࣜ (4.4.11)ʹண໨͢Δͱɼ














ͱͳΔɽ೾ಈؔ਺ Ga+1 ͱ Ga!1 ͷ೾ಈؔ਺ݩΓɼ͓ͯ͠ࡏ͕ࠞ Ga ʹ໭Δ͜ͱ͸ग़དྷ
ͳ͍ɽΑͬͯɼ͜ͷ࿮૊Έʹ͓͚Δɼଟόϯυ k · p໛ܕͷ೾ಈํఔࣜ͸ݻ༗஋Λͭ࣋͜
50 ୈ 4ষ k · p໛ܕʹ͓͚Δ࣓৔தిࢠঢ়ଶͱεϐϯ෼྾ม਺
ͱ͕ग़དྷͳ͍ɽσΟϥοΫ໛ܕͰ͸ɼ!+,!! ͕ϋϛϧτχΞϯͷಉ͡ྻߦཁૉʹೖΔ͜
ͱ͸ͳ͔ͬͨɽͦͷͨΊɼϋϛϧτχΞϯΛ೾ಈؔ਺ʹԋ݁ͨ͠ࢉՌɼGa!1 ͱ Ga+1 ͱ
͍ͬͨಉ͡จࣈͰҟͳΔϥϯμ΢४ҐΛࣔ͢೾ಈؔ਺͕ࠞ͢ࡏΔ͜ͱ͸ͳ͔ͬͨɽ͜Εʹ
ର͠ଟόϯυ k · p໛ܕͰ͸ɼϋϛϧτχΞϯͷಉ͡ྻߦཁૉʹ !+,!! Δɽ͍ͯ͠ࡏ͕ࠞ
ͦͷͨΊɼϋϛϧτχΞϯΛ೾ಈؔ਺ʹԋ݁ͨ͠ࢉՌɼGa!1 ͱ Ga+1 ͱ͍ͬͨಉ͡จࣈ
ͰҟͳΔϥϯμ΢४ҐΛࣔ͢೾ಈؔ਺͕ࠞͯ͠͠ࡏ·͏ɽҎ্ͷ͜ͱ͔ΒɼҰൠੑΛอͬ
ͨ··ʮ७ਮʹ࣓৔தԋࢠࢉ ! Λԋ͠ࢉɼ࣓৔தݻ༗஋ΛٻʹີݫΊΔʯ͜ͱ͸ग़དྷͳ͍


















* = 1/2Ͱ͋Δ͕ɼ࣮ࡍʹ͸ 1/2͔Β΍΍ͣΕΔ͜ͱ͕͋Δ (ྫ͑͹ɼ[18, 27])ɽԽֶϙ
ςϯγϟϧΛ µͱ͢ΔɽԽֶϙςϯγϟϧʹϥϯμ΢४Ґ͕Ұக͢Δ৔߹Λ͑ߟΔͱɼҎ
ԼͷΑ͏ʹͳΔɽ





















͜͜ͰɼBn ͸ n ൪໨ͷϥϯμ΢४Ґ͕ԽֶϙςϯγϟϧͱͿ͔ͭΔࡍͷ࣓৔ͷ஋Ͱ͋
Δɽ͜ͷ 1/Bn Λॎ࣠ʹɼϥϯμ΢४Ґ nΛԣ࣠ʹऔͬͨਤ͕ fan-diagram plotͰ͋Δɽ


























































































(, + 1) (4.5.10)
ͱͳΔɽҎ্ΑΓɼσΟϥοΫిࢠͷ৔߹ͷMfan ͸࣍ͷΑ͏ʹٻΊΒΕΔɽ
Mfan = x! # x+ = 1 (4.5.11)
σΟϥοΫిࢠͷMZC ͸ 1Ͱ͋ΔͷͰ [11,12,63]ɼσΟϥοΫిࢠͷ৔߹΋Mfan = MZC
ͷ͕ؔ܎੒ཱ͢Δ.




































































߹͸ Mfan ͱ MZC ͸Ұக͠ͳ͍ɽ͔ࣜ͠͠ (4.5.16) ʹ͍ͭͯԽֶϙςϯγϟϧऑݶۃ
µ / $ΛͱΔͱɼ
















































ͷ໰୊͸ɼྔࢠ࿦Ͱ͋Δ k · pཧ࿦ͱଟόϯυޮՌΛՃ͑Δઁಈ࿦Λ༻͍Δ͜ͱͰղܾ͞





ɹ࣓৔ͱฒߦͳํ޲Λ z ͱఆٛ͢ΔɽϋϛϧτχΞϯͰ͸޲ํ h̄k " ! ͷมߦ͕׵Θ
ΕΔɽ͜ͷྗֶతӡಈྔ͕΋ͭؔࣜ܎ ͷΑ͏ʹॻ͖࣍͸ࣜΔɽ͜ͷ͑ߟ͍ͯͭʹ(2.1.4)
ΒΕΔɽ͑׵
[!x,!y] = (!x!y # !y!x)
= (!x + i!y) (!x # i!y)# (!x # i!y) (!x + i!y)
= !+!! # !!!+ (5.1.1)
54 ୈ 5ষ ঢ়ଶͷඇઁಈཧ࿦ࢠ৔தి࣓
͜͜Ͱɼ!± = (!x ± i!y) /
%
2Ͱ͋Δɽ·ͨɼ!x = (!+ + !!) /
%






eh̄B (n+ 1) |n+ 1) (5.1.2)
!! |n) =
%
eh̄B (n) |n# 1) (5.1.3)
͜͜Ͱɼ|n)͸ϥϯμ΢४Ґ n൪໨ͷݻ༗ؔ਺Ͱ͋Δɽ͜ͷؔ܎Λ༻͍ͯվΊͯࣜ (5.1.1)
Λ͢ࢉܭΔͱ࣍ͷΑ͏ʹͳΔɽ





eh̄B (n) |n# 1) # !!
%
eh̄B (n+ 1) |n+ 1)
,
= i [eh̄B (n)# 2eh̄B (n+ 1)] |n)








0 0 0 0 · · ·
1 0 0 0 · · ·
0
%
2 0 0 · · ·
0 0
%














0 1 0 0 · · ·
0 0
%
2 0 · · ·
0 0 0
%
3 · · ·

























5.2 !-matrixͷԠ༻ྫ -߹ͷ৔ࢠ༝ిࣗ- 55
͜͜Ͱɼ
!x · !x =
(!+ + !!) (!+ + !!)
2
=
!+!+ + !+!! + !!!+ + !!!!
2
!y · !y =
# (!+ # !!) (!+ # !!)
2
=






(!+!! + !!!+) (5.2.1)




0 0 0 0 · · ·
0 1 0 0 · · ·
0 0 2 0 · · ·












1 0 0 0 · · ·
0 2 0 0 · · ·
0 0 3 0 · · ·















1 0 0 0 · · ·
0 3 0 0 · · ·
0 0 5 0 · · ·

















1 0 0 0
0 3 0 0
0 0 5 0
0 0 0 3
;
<<= . (5.2.5)




56 ୈ 5ষ ঢ়ଶͷඇઁಈཧ࿦ࢠ৔தి࣓
5.3 !-matrixͷԠ༻ྫ -σΟϥοΫిࢠͷ৔߹-
ɹ 2όϯυͷσΟϥοΫ໛ܕ͸ҎԼͷΑ͏ͳܗͰ͋Δ [12, 63]ɽ
HDirac =
-
! i! · #*




! · # =
-
h̄kz !x # i!y










(5.1.6)Λ୅ೖ͢Δɽઌఔ·Ͱͱಉ༷ʹ kz = 0ɼϥϯμ΢४Ґ਺̐ͱ͢Δͱɼ! ·# ͸࣍ͷ
Α͏ʹॻ͚Δɽ
! · # =
8
999999999:
0 0 0 0 0
%
eh̄B 0 0
0 0 0 0 0 0
%
2eh̄B 0
0 0 0 0 0 0 0
%
3eh̄B
0 0 0 0 0 0 0 0%
eh̄B 0 0 0 0 0 0 0
0
%
2eh̄B 0 0 0 0 0 0
0 0
%











$2 + 3eh̄B*2 (5.3.3)
͜Ε͸ࣜ (4.1.8) ͱҰக͢ΔɽҎ্ͷΑ͏ʹɼखͰղ͚Δൣғͷ໛ܕʹ !-matrix Λద༻
͠ɼͦͷ݁ՌΛൺֱ͢Δ͜ͱͰ !-matrixͷਖ਼౰ੑ͕ࣔ͞Εͨɽ





+ V (r) +
h̄
4m2e
# ·!V (r)! p (5.4.1)
͜ͷࣜ͸ҰൠతͳγϡϨσΟϯΨʔํఔࣜͰ͋Γɼಛघͳ͜ͱ͸Կ΋Ծఆ͍ͯ͠ͳ͍ɽp














cl!"! (k) = Ecl" (k) (5.4.2)











ਤ 5.4.1 Liuͱ AllenʹΑΔڧଋറ໛ܕ [76]ͷిࢠঢ়ଶͱ L఺पลͰ࡞੒ͨ͠ k · p
໛ܕͷిࢠঢ়ଶͷൺֱɽӈਤ͸ࠨਤΛ֦େͨ͠΋ͷͰ͋Δɽ࣮ફ͕ڧଋറ໛ܕͷࢉܭ


















Ͱ͋ΓɼEn ͸ରশ఺ k = k0 ʹ͓͚Δ l൪໨ͷΤωϧΪʔݻ༗஋Ͱ͋Δɼ"͸୯Ґ๔ͷମ
ੵͰ͋Δɽࣜ (5.4.2)͸جఈΛແݶʹͱΕ͹ີݫͳํఔࣜͰ͋Δɽ൒ಋମ౳ͷ೾਺ۭؒͷ
ʹ߹ఈͰ΋े෼Ͱ͋Δɽྫ͑͹ɼBiͷ৔ج഑తͳ෺࣭Ͱ͸ɼগͳ͍ࢧғͰͷੑ࣭͕ൣ͍ڱ








E0 0 h̄k · v%%01 h̄k · v
%&
01 h̄k · v
%%
02 h̄k · v
%&
02 · · ·
0 E0 h̄k · v&%01 h̄k · v
&&
01 h̄k · v
&%
02 h̄k · v
&&
02 · · ·
h̄k · v%%10 h̄k · v
%&
10 E10 0 h̄k · v
%%
12 h̄k · v
%&
02 · · ·
h̄k · v&%10 h̄k · v
&&
10 0 E1 h̄k · v
&%
12 h̄k · v
&&
12 · · ·
h̄k · v%%20 h̄k · v
%&
20 h̄k · v
%%
21 h̄k · v
%&
21 E2 0 · · ·
h̄k · v&%20 h̄k · v
&&
20 h̄k · v
&%
21 h̄k · v
&&














Ͱ͖Δɽਤࢹʣ͸ແ߲ࢠ 5.4.2ʹ Biʹ͓͚Δ k · p໛ܕͰͷࣗ༝ి߲ࢠͷ༗ແʹΑΔมԽ
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Δɽ͜ͷଟόϯυ͢ࢹΛແ߲ࢠ༝ిࣗͰ͸͜ͷࢉܭ k · p ໛࣓ʹܕ৔தޮՌΛಋೖ͢Δɽ




























ਤ 6.1.2 Lent Βͷڧଋറ໛ܕʹΑΔ
PbTe ͷόϯυ෼ࢄ [78]ɽL ఺ʹόϯυ
ΪϟοϓΛͭ࣋͜ͱ͕෼͔Δɽ
60 ୈ 6ষ σΟϥοΫిܥࢠ෺࣭ʹ͓͚Δεϐϯ෼྾ม਺ͷඇઁಈཧ࿦
6.1 PbTeʹ͓͚ΔҟৗͳθʔϚϯޮՌ
ɹ PbTe ͸ NaCl ͭ࣋଄Λߏͷඇৗʹ୯७ͳ݁থܕ (ਤ 6.1.1)ɽL ఺ʹ௚઀ભҠͷ
όϯυΪϟοϓΛͭ࣋ (ਤ 6.1)ɽτϙϩδΧϧ෺࣭΍೤ి෺࣭ͱͯ͠஫໨ΛूΊ͍ͯ
Δ [79–83]ɽຊষͰ͸ LnetΒʹΑΔڧଋറ໛ܕ [78]ฒͼʹ Lach-habΒʹΑΔڧଋറ໛
ܕ [84]ͷೋͭΛٞͯͬ࢖࿦͢ΔɽPbTeʹ͓͚ΔྔࢠৼಈଌఆͰ͸ɼεϐϯ෼྾ม਺ͷ஋






ɹ Lent ΒʹΑΔ໛ܕ͸ΞχΦϯͱΧνΦϯͦΕͧΕͷ s,p,d ಓʹεϐϯͷي
up ͱ down ΛؚΊͨ 36!36 ܗ੒͞ΕΔɽϗοϐϯά͸ୈҰۙ઀ͷΈͰߏͰྻߦ
੒͞Ε͍ͯΔɽL ఺ʹ͓͚ΔόϯυΪϟοϓ͸ 0.182eV ͱ࣮ݧͷ஋ 0.18eV [85] ͱ
Α͘Ұக͍ͯ͠ΔɽLent Βͷ໛ܕͰ͸ɼύϥϝʔλΛม͑Δ͚ͩͰ̒छྨͷ෺࣭
(PbTe,PbSe,PbS,SnTe,GeTe ೋछྨ) ͷిࢠঢ়ଶΛύϥϝʔλΛม͑Δ͚ͩͰࢉܭՄೳ
Ͱ͋ΔɽPbTe ͚ͩͰͳ͘ SnTe ʹ΋ !-matrix ๏Λద༻͢Δɽ!-matrix ͷجఈͱͯ͠ɼ
ϥϯμ΢४ҐΛ 41 ঢ়ଶ (n=0...40) ͱΔ৔߹Λ͑ߟΔɽ͜ͷ৔߹ɼs,p ಓͷي 16 όϯυ




͜ͱ͕ग़དྷΔɽਤ 6.1.3Ͱ͸ϥϯμ΢४Ґ਺͕ 41ঢ়ଶͷ৔߹ͱ 120ঢ়ଶͷ৔߹Λൺֱ͠
͍ͯΔɽ͜ΕΛݟΕ͹໌Β͔ʹ෼͔ΔΑ͏ʹɼϥϯμ΢४Ґ਺ 41 ͷ݁ࢉܭՌͷ 50T Ͱ
Լ͔Β 4 ൪໨ͷόϯυ͕جఈ਺ͷมԽʹΑΓಈ͍͍ͯΔɽ·ͨ !-matrix ๏Ͱϥϯμ΢
४ҐΛ༗ݶʹऔΔ͜ͱͰ͍ߴϥϯμ΢४ҐͰ͸ࢉܭਫ਼౓͕མ͍ͪͯΔ. !-matrix ๏ͷ݁
Ռ͚ͩͰ͸ϥϯμ΢४ҐͷࢦඪΛܾఆ͢Δ͜ͱ͕Ͱ͖ͳ͍ɽͦ͜Ͱ Löwdin partitioning
ͷ݁ՌΛࢀর͢Δɽεϐϯ෼྾ม਺͸ਤ 6.1.4 Α͏ʹεϐϯ෼྾ม਺͕ࣔ͢ʹ 1 Λ௒͑
Δ͔Ͱϥϯμ΢४ҐͷೖΕସ͑ͷ༗ແΛ֬ೝͰ͖ΔɽLöwdin partitioning Λ࢖༻ͨ͠
ํ๏͸θϩ࣓৔ݶۃΛऔΔ͜ͱʹ֘౰͢ΔɽLent ໛ܕͰͷ Löwdin partitionig Λ࢖༻
ՌͰ͸ɼεϐϯ෼྾ม਺݁ࢉܭͨ͠ MZC ͕ 0.80 Ͱ͋Δ [14]ʢࣗ༝ి߲ࢠΛೖΕΔͱ
MZC = 0.83 ͱͳΔʣɽΑͬͯɼPbTe ͷϥϯμ΢ࢦඪ͸ૉ௚ʹԼ͔ΒऔΕ͹ྑ͍͜ͱ͕
෼͔Δɽ͜ͷ͜ͱ͔ΒɼθʔϚϯΤωϧΪʔ EZ = En,+ # En,! ฒͼʹαΠΫϩτϩϯ










ਤ 6.1.3 PbTe ͷϥϯμ΢४Ґͷਤɽs,p ಓͷي 16 ! 16 ͷ֤߲ʹ͋Δྻߦ " ʹ "-
matrix ๏Λద༻ͨ͠. ϥϯμ΢४ҐΛ 0 ͔Β 40 ·Ͱͱͬͨ৔߹ (ɼ࣮ઢࢵ) ͱ 0 ͔
























ϯ෼྾ม਺͕ 1 ͱͳΔඞཁ͕͋ΔɽEZ = En,+ # En,! ʹରԠ͢Δͷ͸ɼਤ 6.1.4 ͔Β









ՌΛਤ݁ࢉܭ 6.1.5 ɽ!-matrixࣔ͢ʹ Λ݁ࢉܭͨ͠༺࢖ՌͰ͸ਤ 6.1.5 ΕͨΑ͏ࣔ͞ʹ
ʹεϐϯ෼྾ม਺͕࣓৔ʹରͯ͠େ͖͘ґଘ͢Δ͜ͱ͕෼͔ͬͨɽࡏݱ·ͰͷڀݚͰ͸ɼ
θʔϚϯΤωϧΪʔ͕࣓৔ͷҰ࣍ɼαΠΫϩτϩϯΤωϧΪʔ͕࣓৔ͷҰ࣍Ͱ͋Δ͜ͱ͔
62 ୈ 6ষ σΟϥοΫిܥࢠ෺࣭ʹ͓͚Δεϐϯ෼྾ม਺ͷඇઁಈཧ࿦

















































ਤ 6.1.3 Εͨࣔ͞ʹ !-matrix ๏ʹΑΓ͞ࢉܭΕͨిࢠঢ়ଶͷ࠷௿ϥϯμ΢४Ґ͸࣓৔
ͷҰ࣍ʹൺྫ͍ͯ͠ΔΑ͏ʹΈ͑Δɽͦͷ͜ͱ͔ΒɼσΟϥοΫ໛ܕʹରͯ͠ଟόϯυ
ͷิਖ਼ΛՃ֦͑ͨுσΟϥοΫ໛ܕΛ࢖༻͢Δɽࣜ (4.1.13) ͔Β֦ுσΟϥοΫͷ࠷௿
ϥϯμ΢४Ґͷ͕͖܏ additional g Ҽࢠ g# ʹΑΓܾఆ͞Ε͍ͯΔ͜ͱ͕෼͔Δɽઌߦ
Ͱ͸ɼ͜ͷڀݚ additional g Ҽࢠ͸࣮݁ݧՌͱ߹͏Α͏ʹݱ৅࿦తͳܾఆ͕ͳ͞Ε͖ͯ
ͨ [13, 33, 86]ɽ͔͠͠ɼ!-matrix ๏Λ࢖༻ͨ͜͠ͱͰɼ࠷௿ϥϯμ΢४Ґͷ͔͖܏Βɼ
ʹతࢹΊͯඍ࢝ additional gҼࢠΛܾఆ͢Δ͜ͱ͕ग़དྷΔɽͦͷ݁Ռɼg# = #10.4ͱఆ
ΊΒΕΔɽ֦ுσΟϥοΫ໛ܕͰͷ݁ࢉܭՌͱ !-matrixͷ݁ࢉܭՌΛൺֱͨ݁͠Ռ͸ਤ





















ਤ 6.1.6 "-matrix ๏ʹΑΔ࣓৔தΤωϧΪʔ४Ґʢ੺࣮ઢʣͱ֦ுσΟϥοΫ໛ܕ
ʹΑΔ࣓৔தΤωϧΪʔ४Ґʢ੨఺ઢʣͷൺֱɽ"-matrix๏ʹΑΔີݫͳࢉܭͷ݁Ռɼ
ॳΊͯཧ࿦ͷ࿮૊ΈͰ additional g-factorΛܾఆ͢Δ͜ͱ͕ग़དྷͨɽ





































Α͏ʹද͞ΕΔ͜ͱ͔Βɼ௥Ճ gҼࢠ g# ͷූ߸ʹΑΓɼ૿ܾ͕ݮ·͍ͬͯΔ͜ͱ͕෼͔
ΔɽPbTeͷΑ͏ʹ g# < 0 ͷ৔߹͸ɼεϐϯ෼྾ม਺͸ 1 ΑΓ΋খ͘͞ͳΓ࣓৔ʹର͠
গ͢Δؔ਺ͱͳΔɽҰํͰݮͯ g# > 0ͷ৔߹͸ɼεϐϯ෼྾ม਺͸ 1Λ௒࣓͑ͯ৔ʹର
ͯ͠૿Ճ͢Δؔ਺ͱͳΔɽ͜ͷ͜ͱΛ͔֬ΊΔͨΊʹɼPbTe ͷ Pb Λ Sn Ͱஔ͢׵Δɽ
Pb1!xSnxTe ͸ x = 0.4 ෇ۙͰόϯυ͕఻ಋଳͱՁిࢠଳͷόϯυ͕൓స͢Δ͜ͱ͕஌
ΒΕ͍ͯΔ [85, 87](ਤ 6.1.8)ɽ͜ͷόϯυͷ൓సʹ൐͍ɼεϐϯ෼྾ม਺΋όϯυ൓సલ
64 ୈ 6ষ σΟϥοΫిܥࢠ෺࣭ʹ͓͚Δεϐϯ෼྾ม਺ͷඇઁಈཧ࿦
0 0.2 0.4 0.6 0.8 1















ਤ 6.1.8 Pb1!xSnxTeͷ xʹΑΔΪϟοϓͷมԽɽx = 0.38෇ۙͰΪϟοϓ͕ด͡ɼ
όϯυ͕൓స͢Δ͜ͱ͕෼͔Δɽ
















ਤ 6.1.9 "-matrix๏ʹΑΓ͞ࢉܭΕͨ Pb1!xSnxTeʹ͓͚Δ x͝ͱͷεϐϯ෼྾ม
਺ͷ࣓৔ґଘੑɽ
Ͱ͸ 1ΑΓখ͘͞ɼόϯυ൓సޙ͸ 1ΑΓେ͖͘ͳΔ͜ͱ͕෼͔͍ͬͯΔ [14]ɽҎ্ͷ͜
ͱ͔Βɼόϯυ൓సલͰ͸ɼεϐϯ෼྾ม਺͕̍ҎԼͳͷͰɼ௥Ճ gҼ͕ࢠෛͱͳΓɼε
ϐϯ෼྾ม਺͸ݮগؔ਺ͱͳΔ͜ͱ͕༧૝͞ΕΔɽҰํͰόϯυ൓సޙ͸εϐϯ෼྾ม਺
͕̍Ҏ্Ͱ͋Δ͜ͱ͔Β additional g Ҽ͕ࢠਖ਼ͱͳΓɼεϐϯ෼྾ม਺͸૿Ճؔ਺ͱͳ
Δ͜ͱ͕༧૝͞ΕΔɽLentʹΑΔڧଋറ໛ܕͷ PbTeͱ SnTeͷύϥϝʔλΛ༻͍ͯԾ
૝݁থۙࣅʹΑΓ Pb1!xSnxTeͷ໛ܕΛ࡞੒͠ɼ!-matrix๏Λ࢖༻͢Δ͜ͱͰεϐϯ෼






































஋ͷϗʔϧີ౓ݧ 3.7! 1024m3 Ͱ͋Δɽ(ӈ)ࠨͷ݁Ռ͔Βܾఆͨ͠Խֶϙςϯγϟϧ
(µ = 92meV)Λ࢖༻ͨ͠ fan-diagram plotͷ݁Ռɽ
εϐϯ෼྾ม਺ͷ΋͏ҰͭͷධՁ๏ͱͯ͠ɼfan diagram plot Λ࢖༻ͨ͠΋ͷʹ͍ͭ
ͯ΋͑ߟΔɽԽֶϙςϯγϟϧΛઃఆ͠ɼͦͷΤωϧΪʔʹϥϯμ΢४Ґ͕͔͔ͬͨ࣌ͷ
1/B ͷ஋Λه࿥͍ͯ͘͠ɽ·ͣɼԽֶϙςϯγϟϧͷܾఆํ๏ʹ͍ͭͯ͑ߟΔɼ࣮ݧͱ




Ұக͢Δ͜ͱ͕෼͔ͬͨɽԽֶϙςϯγϟϧ #92meVͰͨ͠ࢉܭ fan diagram plot͸ਤ









෼྾ม਺ͷೋͭͷධՁํ๏MZC ͱMfan ͸ಉͩ͡ͱ৴͡ΒΕ͍ͯͨɽ͔͠͠MZC ࣓͕
৔ʹґଘ͢Δͷʹର͠Mfan ͕Խֶϙςϯγϟϧʹґଘ͢Δ͜ͱ͔Βɼ͜ͷೋͭ͸Ұൠత
ʹҰக͠ͳ͍ɽͨͩ͠ɽµ ͷθϩݶۃΛ͑ߟΔͱ Mfan ͸ஸ౓ 0.80 ఔ౓ͱθϩ࣓৔Ͱͷ
MZC ͱҰக͢Δɽ










ਤ 6.1.11 εϐϯ෼྾ม਺Mfan ͷԽֶϙςϯγϟϧ µґଘੑ
6.1.2 Lach-hab໛ܕ
ɹ Lach-hab໛ܕ͸ઢܗԽิڧฏ໘೾๏ (LAPW)Λ༻͍ͨୈҰݪཧ͔ࢉܭΒ PbTeͷ
ͳ͍ͬͯΔߦΛࢉܭঢ়ଶͷࢠి [84]ɽୈҰݪཧࢉܭͰಘͨόϯυߏ଄ʹ͓͚Δ L ఺ͷό

















ͷʹରͯ͠ɼ15Tఔ౓Ͱ 0.5ΛԼճ͍ͬͯΔɽޙ࠷ʹਤ 6.1.15ʹ fan-diagram plotΛࣔ
͢ɽϗʔϧີ౓͕࣮ݧ஋ʹ͍ۙ 3.5! 1024m!3 ͱͳΔԽֶϙςϯγϟϧ µ = #74meVͱ
ɽ͜ͷ݁ՌMfanͨͬߦΛࢉܭͯ͠ = |x+ # x!| = 0.40Ͱ͋Δɽ
6.1 PbTeʹ͓͚ΔҟৗͳθʔϚϯޮՌ 67


















ਤ 6.1.12 (a)Lach-habΒʹΑΔ PbTeʹର͢Δڧଋറ໛ܕ [84]ͷిࢠঢ়ଶ













ਤ 6.1.13 Lach-hab໛ܕʹ͓͚Δϥϯμ΢४Ґͷਤɽs,pيಓͷ 16! ͷ֤߲ྻߦ16
ʹ͋Δ " ʹ "-matrix๏Λద༻ͨ͠. ఈͷϥϯμ΢४Ґ਺͸ج 0͔Β 40 ·Ͱͷ 41 ݸ
ͱͨ͠ɽ
6.1.3 PbTeͷ·ͱΊ




໛ܕ [ਤ Ͱ͸[(ࠨ)6.1.14 10T෇ۙ·Ͱ͸࣓৔ʹରͯ͠૿Ճ͢Δ༷ݟ͕ࢠΒΕΔ͕ɽͦΕ
68 ୈ 6ষ σΟϥοΫిܥࢠ෺࣭ʹ͓͚Δεϐϯ෼྾ม਺ͷඇઁಈཧ࿦
































ਤ 6.1.14 matrix-"(ࠨ) ๏ʹΑΔθʔϚϯΤωϧΪʔ͓ΑͼαΠΫϩτϩϯΤωϧ
Ϊʔͷ݁ࢉܭՌɽ(ӈ)͸ εϐϯ෼྾ม਺MZCͨ͠ࢉܭͯ͠༺࢖ͷ݁ՌΛ(ࠨ) ͷ݁Ռɽ
Lent໛ܕͷ৔߹ͱಉ࣓͘͡৔ʹେ͖͘ґଘ͍ͯ͠Δ͜ͱ͕෼͔Δɽ














ਤ 6.1.15 Lach-hab ໛ܕͰͷԽֶϙςϯγϟϧ (µ = 74meV) Λ࢖༻ͨ͠ fan-
diagram plotͷ݁Ռɽ
Ҏ߱͸࣓৔ʹରͯ͠ݮগ͍ͯ͘͠ৼΔ෣͍͕֬ೝͰ͖Δɽ·ͨɼ͜ͷ݁ՌΛ൓өͯ͠ε
ϐϯ෼྾ม਺ʹ΋ҧ͍͕ݱΕ͍ͯΔɽਤ 6.1.5(ӈ) ʹΕΔΑ͏ࣔ͞ʹ Lent ໛ܕͰͷεϐ
ϯ෼྾ม਺ MZC ͸ɼθϩ࣓৔෇ۙͰ͸͕ 0.80 Ͱ͋Δͷʹରͯ͠ɼ55T Ͱ͸ 0.46 ·Ͱ
গ͍ͯ͠ΔɽҰํͰਤݮ 6.1.14(ӈ)ʹࣔ͢ Lach-hab໛ܕʹ͓͚Δεϐϯ෼྾ม਺MZC
͸ɼθϩ࣓৔෇ۙͰ 0.72Ͱ͋Δͷʹରͯ͠ɼ55TͰ͸ 0.098·Ͱݮগ͢ΔɽLent໛ܕʹ
͓͚Δεϐϯ෼྾ม਺ͷݮগ෯͸ 0-55T ͷؒͰ 42.5% Ͱ͋Δͷʹରͯ͠ɼLach-hab ໛
Ͱ͸ܕ 86.4%ͱೋͭͷؒʹେ͖ͳ͕ࠩ͋ΔɽMfan ʹ͍ͭͯ͸ɼLent໛ܕͷ৔߹͕ 0.63
Ͱ͋Δͷʹରͯ͠ Lach-hab ໛ܕ͸ 0.40 Ͱ͋Δɽ·ͨɼ࣮݁ݧՌ [18] ͔Βզʑ͕ࢉܭ
ͨ݁͠Ռ͸Mfan = 0.56 Ͱ͋ͬͨɽಉ͡ PbTe ͷࢉܭΛ͍ͯͯͬߦ΋͜ͷΑ͏ʹҧ͍͕




ਤ 6.2.1 Bi ͷ݁থߏ଄ [76]ɽϥϕϧ 1,2
͸ୈҰۙ઀ͱୈೋۙ઀ͷࢠݪҐஔɼC1 ͕
BisectrixɼC2 ͕ BinaryɼC3 ͕ Trigonal
,ɽ(a1ࣔ͢Λ޲ํ a2, a3)͸جຊฒਐϕΫτ
ϧͰ͋Δɽ
ਤ 6.2.2 Bi ͷϑΣϧϛ໘ [13]ɽҰͭͷ









ͱ̏ͭͷిࢠ໘Λͭ࣋ (ਤ 6.2.2)ɽ3ͭిࢠ໘ͷ͏ͪ Bisectrixํ޲ʹฏߦͳ΋ͷཱ͕͠ݽ
͓ͯΓɼ࢒Γ 2͕ͭॖୀ͍ͯ͠ΔɽҎԼͰ͸ɼ̏ͭͷ L఺ͷ͏ͪɼॖୀͨ͠΋ͷΛ L1 ఺
ͱ L2 ఺ɼ࢒ΓͷҰͭΛ L3 ఺ͱݺͿɽL఺Ͱ͸খ͞ͳόϯυΪϟοϓΛͪ࣋ɼσΟϥοΫ
ίʔϯͱݺ͹ΕΔԁਲ਼ܗͷ෼ࢄΛ΋ͭɽ·ͨ T ఺ʹ͸ϗʔϧΛͪ࣋ɼલड़ͷΑ͏ʹεϐ
ϯ෼྾ม਺͕̎Λ௒͑Δಛҟͳੑ࣭Λͭ࣋ɽLiuͱ Allenͷ໛ܕ [76]ͱ !-matrix๏Λ࢖
༻ͯ͠εϐϯ෼྾ม਺ʢMZCʣͷࢉܭΛ͏ߦɽਤ 6.2.3ʹ Liu-Allen໛ܕʹ͓͚Δ Biͷ
Λ೾਺Ͱඍ෼͠ɼଟόϯυܕɽ͜ͷ໛ࣔ͢ՌΛ݁ࢉܭ k · p໛ܕΛ࡞੒͢Δʢਤ 5.4.1,ਤ
6.2.4ʣɽ͜ͷ໛ܕதͷ ! Λ !-matrix๏ʹΑΓྻߦදࣔ͠ɼ࣓৔தిࢠঢ়ଶͷࢉܭΛ͏ߦɽ



















ਤ 6.2.4 Liuͱ AllenʹΑΔڧଋറ໛ܕ [76]ͷόϯυਤͱ T఺पลͰ࡞੒ͨ͠ k · p
໛ܕͷόϯυਤͷൺֱɽb)͸ (a)Λ֦େͨ͠ਤͰ͋Δɽ࣮ફ͕ڧଋറ໛ܕͷ݁ࢉܭՌɼ






































ਤ 6.2.5 "-matrix๏ʹΑΓ͞ࢉܭΕͨ T఺ʹ͓͚Δ࣓৔தΤωϧΪʔ४ҐɽͦΕͧ
Ε 30ຊͷ४ҐΛग़ྗ͍ͯ͠Δɽ(ࠨ)T఺ͷ࣓৔தΤωϧΪʔ४Ґɽ࣮ઢ͕ϥϯμ΢४
ҐΛ 0-100·Ͱͷ औͬͨ৔߹ɽ఺ઢ͕ϥϯμ΢४ҐΛݸ101 0-120·Ͱͷ औͬݸ121
ͨ৔߹ͷ݁Ռ (ӈ)L ఺ͷ࣓৔தΤωϧΪʔ४Ґɽ࣮ઢ͕ϥϯμ΢४ҐΛ 0-200 ·Ͱͷ







Löwdin partitionig Λ࢖༻ͨ݁͠Ռͱ׬શʹҰக͍ͯ͠Δ [63]ɽ͔͠͠ɼ20T Ͱ͸͓Α






ʹ࣍ Bisectrixํ࣓ʹ޲৔Λ͔͚ͨ৔߹Λ͑ߟΔɽ!-matrix๏ʹΑΓ͞ࢉܭΕͨ L1 ఺
(L2 ఺)͓Αͼ L3 ఺ͷ࣓৔தΤωϧΪʔΛਤ ͸ܗ৔ґଘੑͷ࣓ɽશମͷࣔ͢ʹ6.2.7 L1
఺ͱ L3 ఺Ͱͷ݁Ռ͸͍ͯࣅΔɽ͔࣓͠͠৔ʹର͢Δ͖܏͸ L3 ఺ͷ݁Ռͷํ͕େ͖͍ɽ
͜ͷ޲܏Λɼ࠷௿ϥϯμ΢४Ґͷ͔͖܏Βఆྔతʹ֬ೝ͢Δɽ࠷௿ϥϯμ΢४Ґ E0 ͷ
ࣜΒ͔͖܏ (4.1.13) Ͱ༩͑ΒΕΔ g# Λܾఆ͢ΔɽL1 ఺Ͱ͸ g# = 6.47 Ͱ͋Δͷʹର͠
ͯɼL3 ఺Ͱ͸ g# = 16.18 Ͱ͋ΔɽL1 ఺ΑΓ L3 ఺ͷํ͕໿ 2.5 ഒ΄Ͳ͕͖܏େ͖͍͜
ͱ͕෼͔Δɽ࣮ݧͰ͸ɼL1 ఺Ͱ g# = 0.545ɼL3 ఺Ͱ g# = 24.0 ͱݱ৅࿦తʹܾఆ͞Ε
͍ͯΔ [13]ɽ!-matrix๏Λ༻͍ͨ݁Ռͱ࣮ݧͷ݁Ռͱ͸஋͸ҟͳΔ͕ɼೋͭͷ L఺ͷେ









ZC = 1.02 ͱ Löwdin
partitionigΛ༻͍ͨ݁ՌͱҰக͍ͯ͠Δɽऑ࣓৔෇ۙͰ͸ɼL1 ఺ͱ L3 ఺ͷεϐϯ෼྾
ม਺ͷ஋ʹେ͖ͳࠩ͸ͳ͍ɽ͔͠͠ɼL1 ఺Ͱ͸ 20T Ͱ M
L1
ZC = 1.33 ͱ 30% ఔ౓ͷ૿
ՃͰ͋Δͷʹରͯ͠ L3 ఺Ͱ͸ 20T ͰM
L3
ZC = 1.54 ͱ 50% ͍ۙ૿Ճ͕ΈΒΕɼL1 ఺ͱ
L3 ఺Ͱͷ࣓৔ґଘੑʹେ͖͕ࠩ͋͘Δɽ͜ͷ࣓৔ґଘੑͷେখؔ܎͸ g# ͷେখؔ܎ͱҰ
க͍ͯ͠Δɽ֦ுσΟϥοΫ໛ܕʹ͓͚Δ MZC ͷ࣓৔ґଘੑ͸ g# ʹґଘ͓ͯ͠Γɼ͜
ͷ஋͕େ͖͚Ε͹࣓৔ґଘੑ΋େ͖͘ͳΔɽਤ (ࠨ)6.2.9 ͔Β T ఺Ͱ͸ΑΓઢܗͳ࣓৔
ґଘੑΛͭ࣋ɽ࣓৔Λ Trigonalํ޲ʹ͔͚ͨ৔߹ͱ͸ҟͳΓɼθʔϚϯ෼྾͕ඇৗʹখ
͘͞ɼEn,+ ͱ En,! ͕΄ͱΜͲॖୀ͍ͯ͠ΔΑ͏ʹΈ͑Δɽਤ 6.2.9(ӈ)ʹࣔ͢Α͏ʹɼ




ͷ݁Ռͱಉ͡Ͱ͋ΔɽL1 ఺ͱ L3 ఺ͷ݁ՌΛਤ 6.2.10 ɽBisectrixࣔ͢ʹ ͷ৔߹ͱ޲ํ
͸ٯͰɼL1 ఺ͷ݁Ռͷํ͕ L3 ఺ͷ݁ՌΑΓ࣓৔ʹର͢Δ͕͖܏େ͖͘ͳ͍ͬͯΔɽࣜ
(4.1.13)Ͱ༩͑ΒΕΔ g# ͸ L1 ఺Ͱ͸ g# = 13.2ɼL2 ఺Ͱ͸ g# = #2.26Ͱ͋Δɽେ͖͞
͕ 5.8ഒఔ౓ L1 ఺ͷํ͕େ͖͍ɽઌڀݚߦͰ͸ɼL1 ఺Ͱ g# = 16.2ɼL3 ఺Ͱ g# = #7.26
ͱݱ৅࿦తʹܾఆ͞Ε͍ͯΔ [13]ɽ͜ͷ݁Ռͱ΋ఆੑతʹҰக͍ͯ͠Δɽਤ 6.2.11 ͷ݁
Ռ͔Β L1 ఺Ͱ͸εϐϯ෼྾ม਺͕࣓৔ʹରͯ͠૿Ճ͓ͯ͠Γɼ20TͰ 48%૿Ճ͍ͯ͠




















ਤ 6.2.7 "-matrix ๏ʹΑΓ͞ࢉܭΕ࣓ͨ৔தΤωϧΪʔ४Ґɽ࣓৔͸ Bisectrix ํ
Ͱ͋ΔɽͦΕͧΕ޲ 32ຊͷ४ҐΛग़ྗ͍ͯ͠Δɽ(ࠨ)L1 ఺ͷ࣓৔தΤωϧΪʔ४Ґɽ
࣮ઢ͕ϥϯμ΢४ҐΛ 0-40·Ͱͷ औͬͨ৔߹ɽ఺ઢ͕ϥϯμ΢४ҐΛݸ41 0-60·Ͱ
ͷ 61 औͬͨ৔߹ͷ݁Ռݸ (ӈ)L3 ఺ͷ࣓৔தΤωϧΪʔ४Ґɽ࣮ઢ͕ϥϯμ΢४ҐΛ

















ද 6.2.4 ͷ޲৔ํ࣓֤ʹ !-matrix ๏ʹΑΓ͞ࢉܭΕͨ g# ͷ஋Λࣔ͢ɽ͜ͷ݁Ռ͸ Zhu
ΒʹΑΓݱ৅࿦తʹܾఆ͞Εͨ஋ [13]ͱఆੑతʹҰக͍ͯ͠ΔɽBiʹ͓͚Δ࠷௿ϥϯμ
΢४Ґʹ͸ɼ఻ಋଳͱՁిࢠଳͷ࠷௿ϥϯμ΢४Ґͷόϯυ൓ൃͷ༗ແ͕ٞ࿦͞Ε͍ͯ
Δ [68]ɽ͜Εʹରͯ͠ Vecchi Β͸ݱ৅࿦తʹόϯυ൓ൃ͕༗Δ݁ՌΛ͍ͯࣔ͠Δ [67]ɽ
·ͨ Pb1!xSnxSe ͷ࣮ݧͰ΋࠷௿ϥϯμ΢४Ґͷόϯυ൓ൃ͕ࠦࣔ͞Ε͍ͯΔ [94]ɽਤ
ࣔ͢ʹ6.2.12 !-matrix๏ʹΑΔ݁ࢉܭՌͰ͸࠷௿ϥϯμ΢४Ґͷόϯυ൓ൃ͕ͳ͍ɽਤ
6.2.12ʢࠨʣͰ͸࣓৔ํ޲Λ࠷௿ϥϯμ΢४Ґͷަ͕ࠩ௿͍࣓৔Ͱൃੜ͢Δ Binaryํ޲












ਤ 6.2.9 matrix-"(ࠨ) ๏ʹΑΓ͞ࢉܭΕͨ T ఺ʹ͓͚Δ࣓৔தΤωϧΪʔ४Ґɽ30
ຊͷ४ҐΛग़ྗ͍ͯ͠Δɽ࣮ઢ͕ϥϯμ΢४ҐΛ 0-40 ·Ͱͷ 41 औͬͨ৔߹ɽ఺ઢݸ



















ਤ 6.2.10 "-matrix๏ʹΑΓ͞ࢉܭΕͨ L఺ʹ͓͚Δ࣓৔தΤωϧΪʔ४Ґɽ࣓৔͸
Binary L1(ࠨ)Ͱ͋Δɽ޲ํ ఺ͷ࣓৔தΤωϧΪʔ४Ґɽ࣮ઢ͕ϥϯμ΢४ҐΛ 0-40
·Ͱͷ औͬͨ৔߹ɽ఺ઢ͕ϥϯμ΢४ҐΛݸ41 0-60·Ͱͷ औͬͨ৔߹ͷ݁Ռɽݸ61
ͦΕͧΕ 32ຊͷ४ҐΛग़ྗ͍ͯ͠Δɽ(ӈ)L3 ఺ͷ࣓৔தΤωϧΪʔ४Ґɽ࣮ઢ͕ϥϯ
μ΢४ҐΛ 0-100·Ͱͷ औͬͨ৔߹ɼ఺ઢ͕ϥϯμ΢४ҐΛݸ101 0-120·Ͱͷ 121
औͬͨ৔߹ͷ݁ՌɽͦΕͧΕݸ 30ຊͷ४ҐΛग़ྗ͍ͯ͠Δɽ
ͱͨ͠ɽ࠷௿ϥϯμ΢४Ґͷ൓ൃͷ༗ແ͕ٞ࿦ͱͳΔͷ͸ɼ࠷௿ϥϯμ΢४Ґͷ͕͖܏
ෛ (g# ͕ਖ਼) ͷ৔߹ͷΈͰ͋Δɽ60T ෇ۙ·Ͱ࣓৔Λେ͖͘͢Δ͜ͱͰɼTrigonal ޲ํ



















ද 6.2.1 "-matrix๏ʹΑΔ g" ͷ݁ࢉܭՌ
఺ Trigonal Bisectrix Binary
L1 -6.70 6.47 13.2
L3 -6.70 16.18 - 2.26

















ਤ 6.2.12 Binary ৔Λ͔͚࣓ͨʹ޲ํ L1 ఺ͷ࠷௿ϥϯμ΢४Ґɽ(a) ७ਮʹଟόϯ
υ k · p໛ܕΛ࢖༻ͨ݁͠Ռ (b)ෆ७෺ޮՌΛ૝ఆͨ͠ଟόϯυ k · p໛ܕΛ࢖༻ͨ͠
݁Ռ






અͰ͸ࠓ !-matrix ๏Λ༻͍ͯ Bi ͷ࣓৔தిࢠঢ়ଶͷࢉܭΛͨͬߦɽ·ͨɼͦͷ૿ݮ



















τϙϩδΧϧ൒ۚଐ෺࣭ͷඪ४త෺࣭ͱͯ͠ଟ͘ͷ͕ڀݚͳ͞Ε͍ͯΔ [20, 21, 46, 95]ɽ
Cd3As2 ͸ 1930೥୅ʹ࠷ॳͷߦ͕ڀݚΘΕ [96]ɼ1960೥୅͔Β 70೥୅Ͱരൃతʹڀݚ
͕͞Εͨ෺࣭Ͱ͋Δ [97]ɽ͍ߴқಈ౓Λͭ࣋෺࣭ͱͯ͠஌ΒΕ͓ͯΓɼͦͷ஋͸ࣨԹͰ












WangΒͷڀݚ [102]ʹΑΔͱɼਤ ʹΑ͏ࣔ͢ʹ7.1.2 z ࣋όϯυΛܗೋͭͷԁਲ਼ʹ্࣠
ͪɼC4 ͷճసରশੑΛͭ࣋ɽೋͭͷԁਲ਼ܗόϯυ͸ %఺Λத৺ͱͨ͠ೋؔ࣍਺తͳೋͭ






Cd3As2 ͸୯Ґ๔ʹ ͳ͍ͨ࣋͸த৺ରশੑΛ܈ɽۭؒͭ࣋Λࢠݪͷݸ160 I41/cd͕ఏ
Ҋ͞Ε͍͕ͯͨɼۙ೥Ͱ͸த৺ରশੑΛͭ࣋ I41/acd͕࣋͞ࢧΕ͍ͯΔɽ݁থߏ଄͸ࣨԹ
Ͱਖ਼ํথͰ͋Δɽͦͷ֨ࢠఆ਺͸ a࣠ͱ b޲ํ࣠ʹ 1.26nm, c޲ํ࣠ʹ 2.54nmͰ͋Δɽ
͜ͷ֨ࢠఆ਺͸ 2a = 2b / cͷ͕ؔ͋܎Δ͜ͱ͔Βɼ΄ͱΜͲཱํথͷΑ͏ͳܗΛ͍ͯ͠
ΔɽͦͷͨΊ୯७ͳํ๏ͱͯ͠ɼೋͭͷ Cd͕ܽམཱͨ͠ํମΛॏͶΔ͜ͱͰେ͖ͳ୯Ґ










ଶ΁ͷཧ࿦తͳΞϓϩʔν΋ٞ࿦͕͋ͬͨɽ࠷ॳͷ؆୯ͳ༗ޮ໛ܕ͸ k · pཧ࿦ͷ࿮૊Έ














ਤ 7.1.1 Cd3As2 ͷ݁থߏ଄ [95]. ͜ͷ୯
Ґ๔ʹ͸ ͱࢠݪͷΧυϛ΢Ϝݸ96 ͷݸ64
ώૉؚ͕ࢠݪ·ΕΔɽ ਤ 7.1.2 Cd3As2 ͷిࢠঢ়ଶͷ֓೦ਤ









ͱࢉܭཧݪΒΕ͖ͯͨɽҎԼͰ͸ɼୈҰ࡞͕ܕঢ়ଶΛղ໌͢ΔͨΊʹଟ͘ͷ໛ࢠి k · p
໛ܕΛ࡞ͯ͠༺࢖ΒΕͨ Z.Wang ΒʹΑΔ໛ܕ [102] ͱɼͦΕʹݱ৅࿦తͳ߲ΛՃ͑ͨ




Εͨ [102]ɽ̐όϯυ໛ܕʹ͸मਖ਼͞Εͨέʔϯ໛ܕͱݺ͹Εͯͨ໛ܕ (8! ࢖͕(ྻߦ8
80 ୈ 7ষ Cd3As2 ʹ͓͚Δεϐϯ෼྾ม਺ͷඇઁಈཧ࿦
ද 7.2.1 ̐όϯυWang໛ܕͷϑΟοςΠϯάύϥϝʔλʔ [102]
Es (eV) Ep(eV) )(eV) d(eV) $SOC(eV)
ʵ 0.610367 ʵ 0.069191 0.072439 0.027 0.16
P (eV Å) A# (eV Å2) L (eV Å2) M (eV Å2) N (eV Å2)





E1 ikxP ikyP ikzP + d
#kxP E2 Nkxky Nkxky
#ikyP Nkxky E3 Nkykz























+ Ep Ͱ͋Δɽ) ͸ Bodner [101]ʹΑΓಋೖ͞Εͨ݁থ৔
෼྾ม਺Ͱ͋Γɼ͜ΕʹΑΓҟํతͳਖ਼ํথͷରশੑΛಋೖ͍ͯ͠Δɽd͸ۭؒͷ൓సର
শੑΛഁΔύϥϝʔλͰ͋Γɼ͜ͷ໛ܕ͸ I41cdͷରশੑΛͭ࣋ (structure2)ɽҰํɼd
Λθϩʹ͢Δ͜ͱͰɼ͜ͷ໛ܕ͸ P42/nmcͱͳΔ (structure1)ɽࣜ (7.2.1)ʹεϐϯي
ಓ݁߹ΛՃ͑Δ͜ͱͰɼWang໛ܕ͸ 8! 8ͷྻߦʹͳΔɽ






0 0 0 0 0 0 0 0
0 0 #i 0 0 0 0 1
0 i 0 0 0 0 0 #i
0 0 0 0 0 #1 i 0
0 0 0 0 0 0 0 0
0 0 0 #1 0 0 i 0
0 0 0 #i 0 #i 0 0




























Λද͢ݱΔ̎όϯυͷ࠷খ໛ܕ H# (k)Λ࡞੒͢Δ͜ͱ͕Ͱ͖Δ [102]ɽ
H# (k) = $0 (k) +
8
99:
M (k) Ak+ Dk! B" (k)
Ak! #M (k) B" (k) 0
Dk+ B (k) M (k) #Ak!
B (k) 0 #Ak+ #M (k)
;
<<= (7.2.3)






































ਤ 7.2.1 (a)structure1,(b)structure2 ͷ݁ࢉܭՌɽύϥϝʔλ d ΛೖΕͨ struc-
ture2Ͱ͸ɼ(011)ํ޲ ("-Z͓ؒΑͼ "-Xؒ)ͷॖୀ͕ղ͚͍ͯΔɽͨͩ͠ (001)ํ
ͷॖୀ͸ղ͚ͳ͍ɽ޲
ਤ 7.2.2 Lifshitz-Onsager ͷྔࢠԽ৚͔݅Βղੳͨ͠ (112) ͷ༗ޮόϯυ෼޲ํ
ࢄ [20]ɽ16ݸͷϥϯμ΢४Ґ͕ϓϩοτ͞Ε͍ͯΔɽ͍ࠇઢ͸ϑΣϧϛ४ҐͰͷ଎౓
ͷ֎ૠͰ͋Δɽ







E (k) = $0 (k)±
@









Jeon໛ܕ͸ࣜ (7.2.3)ͱಉ༷ͷܗͷϋϛϧτχΞϯ H4 ͔Βग़ൃ͢ΔɽJeonΒ͸θʔ
Ϛϯ߲Λ͍ͯ͑ߟΔɽ
Hjeon = H4 +HZeeman (7.2.5)
82 ୈ 7ষ Cd3As2 ʹ͓͚Δεϐϯ෼྾ม਺ͷඇઁಈཧ࿦
ද 7.2.2 jeon໛ܕͷϑΟοςΠϯάύϥϝʔλʔ [20]
C0 (eV) C1(eV Å2) C2(eVÅ2) A (eV Å) gs
-0.219 ʵ 30 -16 2.75 18.6
M0(eV) M1 (eV2 Å2) M2 (eV Å2) M3 (eV) gp










Ͱ͋Δɽgs,gp ͸ sيಓͱ pيಓͦΕͧΕͷ༗ޮ gҼࢠͰ͋Δɽਤ 7.2.2ͷΑ͏ͳ൒ݹయ
తͳϥϯμ΢ྔࢠԽͷղੳ͔Βɼ(112)ํ޲Ͱ͸-100mV͔Β 300mV·Ͱ఻ಋଳόϯυ
͕ઢܗͷ෼ࢄΛͭ࣋ [20]ɽ͜ΕΛຬͨͨ͢ΊʹɼH4 ͷ $0 (k)͓ΑͼM (k)ͷॻ͖͑׵Λ
ɽ͏ߦ














































͓Αͼ B (k)ͷ߲ΛແࢹͰ͖ΔͨΊɼ࠷ऴతʹ Jeon໛ܕͷܗ͸ҎԼͷΑ͏ʹͳΔɽ
Hjeon (k) = $jeon (k) +
8
99:
Mjeon (k) Ak+ 0 0
Ak! #Mjeon (k) 0 0
0 0 Mjeon (k) #Ak!





(7.2.10) ʹ͓͍ͯ k " !/h̄ ͷม׵Λ͑ߦ͹ྑ͍ɽࣗવ਺ n , 1 ͷͱ͖ɼجఈؔ਺
7.2 ໛ܕ 83
" = (&n,&n!1,&n,&n+1)ͱͱΔɽ͢Δͱݻ༗஋ En ͸ҎԼͷΑ͏ͳӬ೥ํఔࣜΛղ͘͜
ͱͰࢉܭͰ͖Δɽ
66666666666









($n!1 #Mn!1 # E) 0 0





























h̄/ (eB)Ͱ͋Δɽ·ͨɼn = 0ͷͱ͖͸ಛ
ผʹجఈؔ਺ " = (&0,&1)ΛͱΔɽ͜ͷ৔߹͸ҎԼͷӬ೥ํఔࣜΛղ͘͜ͱʹͳΔɽ
66666


















































84 ୈ 7ষ Cd3As2 ʹ͓͚Δεϐϯ෼྾ม਺ͷඇઁಈཧ࿦






































ఈͱͯ͠ج |n# 1) , |n)ΛͱΔͱɼ࣍ͷӬ೥ํఔࣜΛղ͘͜ͱͱͳΔɽ
det
-





n #Mn + %Hai # E
.
= 0 (7.2.16)










































































ਤ 7.3.2 "-matrix ๏ʹΑΓ͞ࢉܭΕͨ Wang ໛ܕͷ࣓৔தΤωϧΪʔ෼ࢄͷਤɽ
























ਤ 7.3.3 ఻ಋଳͷ࣓৔தΤωϧΪʔ४Ґͷ kz ґଘੑɽ(ࠨ)B = 1T,(ӈ)B = 10Tͷ
ఈ͸جՌɽ"-matrixͷ݁ࢉܭ औ͍ͬͯΔɽݸ121
7.3.1 ఻ಋଳʹ͍ͭͯ
ਤ 7.3.3ʹ఻ಋଳͷ࣓৔தΤωϧΪʔͷ kz ґଘੑΛࣔ͢ɽB =1Tͷ৔߹ʹ͸ɼՁిࢠ
ଳͱ఻ಋଳͷަࠩ͢Δ೾਺ (k = ±kD)෇͓ۙΑͼ %఺ͰϐʔΫߏ଄Λ͓ͯͬ࣋Γɼ̐࣍
ؔ਺తͳੑ࣭͕ݱ͘ڧΕ͍ͯΔɽ·ͨɼϦϑγοπ఺ͱՁిࢠଳͱͷަࠩ఺ͷΤωϧΪʔ
ࠩͷ̎ഒఔ౓্ͷΤωϧΪʔଳͰ΋ k = ±kD Γଓ͚͍ͯΔɽҰ࢒଄͸ߏΕΔϐʔΫݱʹ


























ਤ 7.3.5 B = 10T ʹ͓͚Δεϐϯيಓ݁߹ͷมԽʹΑΔϥϯμ΢४ҐͷมԽɽԫ৭
ͷ࣮ઢ͕εϐϯيಓ݁߹ޮՌʹΑΔϥϯμ΢४ҐͷมԽΛࣔ͢ɽ100% ͕ Wang ໛ܕ











ࣜඪΛܾఆ͠ɼࢦ (7.2.2)ͷ $SOC Λ࿈ଓతʹมԽͤ͞Δ͜ͱͰɼεϐϯيಓ݁߹͕͋Δ
88 ୈ 7ষ Cd3As2 ʹ͓͚Δεϐϯ෼྾ม਺ͷඇઁಈཧ࿦
ਤ 7.3.6 ঢ়ଶີ౓ͷ݁ࢉܭՌɽn!D ͕ k = ±kD ༝དྷͷϐʔΫɼn!! ͕ "఺༝དྷͷϐʔΫɽ





݁ՌΛࣔ͢ɽϑΣϧϛΤωϧΪʔ͸ EF = 0.018eVͱ͠ɼࣜ (2.2.4)Ͱఆٛ͞ΕΔάϦʔ
ϯؔ਺ͷແݶখྔ ) ͸ ) = EF /500 ʹઃఆͨ͠ɽεϐϯ෼྾ͨ͠ϐʔΫߏ଄͕ηοτͱ
ͳΓৼಈͱͯ͠ݱΕ͍ͯΔΑ͏ʹ͑ݟΔɽϐʔΫߏ଄͕ݱΕ࣓ͨ৔ͷ kz ґଘੑΛ֬ೝ͢
Δ͜ͱͰɼϐʔΫߏ଄ͷ༝དྷͱͳΔόϯυΛಛఆͰ͖Δɽઌ΄Ͳͱಉ༷ʹεϐϯيಓ݁
߹ޮՌͷมԽ͔ΒϐʔΫߏ଄ͷࢦͭ࣋ඪΛܾఆ͢Δɽͦͷ݁Ռ EF = 0.18Ͱ͸ %఺ʹ༝
དྷΛͭ࣋ϐʔΫߏ଄ͱ k = ±kD ʹ༝དྷΛͭ࣋ϐʔΫߏ଄͕͋Δ͜ͱ͕෼͔ͬͨɽ͜ͷ݁
ՌΛݩʹɼfan diagram plot Λ࡞੒͢Δɽ݁Ռ͸ɼਤ 7.3.7 Α͏ʹͳΔɽkࣔ͢ʹ = kD
༝དྷͷϐʔΫ͔Βͨͬ࡞ fan diagram plotͷ x੾ยΛ x"Dɼk = 0(%఺)༝དྷͷϐʔΫ͔




fan = 0.57 ͱͳͬ
ͨɽ·ͨ x ੾ยͷฏۉ͸ xDave = 0.50ɼx
#
ave = 0.48 ͱͳΓɼx ੾ยͷฏۉ͸ 0.5 ෇ۙʹ
ऩ·͍ͬͯΔɽEF = 0.018eVͷ৔߹ɼೋͭͷ fan diagram plotʹ͸େ͖͕ࠩ͘ͳ͍͜
ͱ͕෼͔Δɽ࣍ʹɼMfan ͷϑΣϧϛΤωϧΪʔʹΑΔมԽΛ֬ೝ͢Δɽਤ 7.3.8 ʹεϐ
ϯ෼྾ม਺Mfan ͷϑΣϧϛΤωϧΪʔґଘੑʹ͍ͭͯࣔ͢ɽલड़ͷ௨ΓɼCd3As2 ͷঢ়
ଶີ౓ͷϐʔΫʹ͸ɼ% ఺ʹ༝དྷͷ΋ͷͱɼE = ±kD ༝དྷͷ΋ͷͷೋछྨ͕͋Δɽθ
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ਤ 7.3.7 7.3.6 ͷ݁Ռ͔Βࢉग़ͨ͠ fan diagram plot ͷ݁ՌɽEF = 0.018eVɽ
k(ࠨ) = kD ༝དྷͷϐʔΫ͔Βͨͬ࡞ fan diagram plot,(ӈ)"఺༝དྷͷϐʔΫ͔Βͬ࡞













ਤ 7.3.8 Mfan ͷ EF ґଘੑɽ
ͷӨڹΛ͘ڧड͚ͨ৔߹͸Լತͳ෼ࢄΛͭ࣋ɽ͜ΕʹΑΓશମͰ͸̐ؔ࣍਺తͳ෼ࢄΛ
ɽEFͭ࣋ = 0.01eV ͰϑΣϧϛΤωϧΪʔ͕Ϧϑγοπ఺ʹ͔͔Δɽ͜͜Λڥʹͯ͠ɼ
EF < 0.01eVͰ͸ %఺༝དྷͷϐʔΫ͕ݱΕͳ͍ɽҰํͰɼEF > 0.01eVͰ͸ k = ±kD
༝དྷͷϐʔΫ͕࢒Γଓ͚ΔɽEF ͕૿Ճ͢Δʹ൐͍ɼঢ়ଶີ౓ͷ k = ±kD ༝དྷͷϐʔ




͕ɼঃʑʹ͕ࠩখ͘͞ͳ͍ͬͯ͘͜ͱ͕෼͔ΔɽϦϑγοπ఺पลͰ͸ɼk = ±kD ͷӨ
ड͚ΔͨΊɼk͘ڧΛڹ = ±kD ʹ͓͚ΔԼತ͕ਂ͘ݱΕɼಉ͡ࢦඪΛ΋ͭόϯυͰ΋
k = ±kDʹ͓͚ΔԼತͳۃ஋ͱ %఺Ͱͷ্ತͳۃ஋ͷΤωϧΪʔ͕ࠩେ͖͘ͳΔɽͦͷ
ͨΊϑΣϧϛΤωϧΪʔͱҰக͢ΔλΠϛϯά͕ҟͳΓɼঢ়ଶີ౓ͰೋͭͷϐʔΫͷग़
ΔλΠϛϯά͕ҟͳΔɽϦϑγοπ఺͔Β཭ΕΔͱɼk͢ݱ = ±kD ʹ͓͚ΔԼತ͕ઙ͘
ͳ͍ͬͯͨ͘Ίɼk = ±kD ͱ %఺ͰͷΤωϧΪʔ͕ࠩখ͘͞ͳΓɼk = ±kD ͱ %఺ʹ
͓͚ΔϐʔΫ͕ݱΕΔλΠϛϯά͕ۙ͘ͳΔɽ࠷ऴతʹ͸ɼk = ±kD ͱ %఺ͰͷΤωϧ
Ϊʔ͕ࠩͳ͘ͳΓϑϥοτͳόϯυΛܗ੒ͨ͠ͷͪɼ͞Βʹ཭ΕΔͱ k = ±kD ʹ͋Δԁ































M#fan ͱ͢Δ͜ͱͰදݱՄೳͰ͋Δ [ਤ 7.3.9(ӈ)]ɽ
7.3.2 Ձిࢠଳʹ͍ͭͯ
ਤ 7.3.10 ʹՁిࢠଳͷ࣓৔தΤωϧΪʔ४Ґͷ kz ґଘੑΛࣔ͢ɽ% ఺Ͱ-0.01eV ෇
ۙʹϐʔΫΛ্ͭ࣋ತͷόϯυ͸جఈΛ༗ݶʹऔͬͨͨΊݱΕͨΰʔετ४ҐͰ͋Δɽ
B = 1TͰ͸ɼk = ±kD ʹ্ತͳೋͭͷϐʔΫͱ %ʹͨ͠ತͷϐʔΫΛҰͭ΋ͭ̐ؔ࣍



























































ਤ 7.3.12 B = 30Tʹ͓͚Δεϐϯيಓ݁߹ͷมԽʹΑΔϥϯμ΢४ҐͷมԽɽԫ৭
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